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The  objective  of  this  research  program  was  the  determination  of  the  mechanisms 
by  which  epoxy  resins  utilized  in  high  performance  composites  and  adhesives 
exhibit  losses  in  their  elevated  temperature  properties  as  a result  of  exposure 
to  a humid  environment. 

The  study  specifically  considered  an  epoxy  resin  formulation  that  is  character- 
istic of  a variety  of  composite  :‘.nd  adhesive  systems.  The  moisture  absorption 
i and  diffusion  characteristics  of  this  resin  system  were  first  investigated 
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20.  Abstract  (Contd) 

Sas  a function  of  simple  humidity  environments  and  simulated  real-life  environ- 
ments which  Included  thermal  spikes.  In  addition,  the  effect  of  absorbed 
moisture  on  the  resin  system's  glass  transition  temperature,  T/^  was  determined 

as  a function  of  both  simple  humidity  and  real-life  exposures.  This  was 
followed  by  a study  into  the  tensile  and  creep  behavior  of  the  epoxy  resin  as  a 
function  of  absorbed  moisture.  A variety  of  experimental  techniques  were 
utilized  to  accomplish  these  studies:  constant  strain  rate  and  dynamic  tensile 
measurements,  infrared  spectroscopy,  heat  distortion  tests,  bomb  creep  tests, 
scanning  electron  microscopy,  polarlzed-1 Ight  photomicroscopy,  and  ESCA. 

The  results  established  that  moisture  plasticized  this  particular  epoxy  resin, 
causing  a lowering  of  the  Tg  which  In  turn  affected  mechanical  response,  such  as 

by  shifting  the  relaxation  moduli  to  shorter  times.  This  phenomenon  Is 
described  and  quantified  In  terms  nf  an  existing  free  volume  theory  relationship 
Weight-gains  greater  than  equilibrium  amounts  were  observed  without  accompanying 
Tg  changes  which  is  ittHbuted  to  moisture  entrappment  during  microcracking  In 

the  resin. 

Creep  studies  performed  underwater  at  300°F  established  an  addition  mechanism 
for  loss  of  elevated  temperature  properties.  This  loss  Is  characterized  by  the 
appearance  and  growth  of  cracks  In  the  material.  The  observed  failure  processes 
are  described  In  terms  of  an  existing  theory  for  rupture  of  cross-linked 
rubbers.  The  process  Is  governed  by  the  synergistic  effects  of  moisture, 
temperature,  and  stress.  Moisture  changes  the  viscoelastic  response  of  the 
material  so  that  stress-induced  crack  formation  and  growth  Is  facilitated. 

Also,  It  Is  Inferred  from  the  creep  studies  that  no  significant,  chemically- 
induced  chain  scission  Is  taking  place;  however,  very  localized  chemical  chain 
scission  at  such  areas  as  crack  tips  cannot  be  completely  ruled  out. 
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This  report  was  prepared  by  Charles  Edward  Browning,  Composite  and 
Fibrous  Materials  Branch,  NonmetalUc  Materials  Division,  and  was 
Initiated  under  Project  Number  7340,  "NonmetalUc  and  Composite  Materials", 
Task  Number  734003,  "Structural  Plastics  and  Composites."  The  work  was 
administered  by  the  Air  Force  Materials  Laboratory,  Air  Force  Wright 
Aeronautical  Laboratories,  Air  Force  Systems  Command,  Wr1v,ht-Patterson 
Air  Force  Base,  Ohio  45433. 

This  report  covers  work  conducted  during  the  period  of  June  1974 
through  July  1976.  The  report  was  released  by  the  author  In  July  1976. 
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SECTION  I 
INTRODUCTION 

Structural  composite  materials  derived  from  epoxy  resins  and  fibrous 
reinforcements  such  as  fiberglass,  graphite,  and  boron  filaments  have 
found  ever  Increasing  Importance  In  the  field  of  commercial  and  military 
aircraft  and  space  systems.  This  trend  will  undoubtedly  continue  with 
major  Interest  concentrated  on  composites  of  graphite  and  boron.  To 
derive  the  maximum  benefit  from  these  high  performance  reinforcements  the 
resin  matrices  utilized  must  retain  a high  percentage  of  their  Initial 
physical  properties  under  a wide  range  of  temperature  and  humidity 
conditions.  In  the  case  of  epoxy  resins  It  has  been  shown  (References  1 - 
4)  that  their  elevated  temperature  properties  are  adversely  affected  by 
high  humidity  to  a degree  that  limits  their  ultimate  potential. 

The  objective  of  this  research  program  was  to  study  the  loss  In 
elevated  temperature  mechanical  properties  exhibited  by  high  performance 
composite  matrix  materials  after  exposure  to  high  humidity  environments 
and  to  examine  associated  pertinent  phenomena.  This  study  specifically 
Included  an  epoxy  resin  that  Is  common  to  a variety  of  composite  and 
adhesive  systems. 

The  epoxies,  as  a class  of  polymers,  are  one  of  the  most  important 
commercial  engineering  plastics,  being  used  as  matrix  resins,  adhesives, 
protective  coatings,  etc.  They  are  playing  a critical  role  In  the  ever 
Increasing  use  of  adhesives  and  high  performance  composites  In  current 
and  future  aerospace  programs.  The  current  limitation  of  epoxy  resins 
Is  their  substantial  loss  In  elevated  temperature  (300-350°F)  mechanical 
properties  (tensile  strength  and  modulus,  flexural  strength  and  modulus, 
etc.)  as  a result  of  moisture  absorbed  from  high  humidity  environments. 
This  property  degradation  was  recently  discovered  (References  1-4)  and 
has  become  Increasingly  Important  as  high  performance  structural 
composites  and  adhesives  are  being  applied  In  more  critical  applications 
to  current  and  future  aircraft.  Historically,  composite  hardware  has 
been  so  drastically  overdesigned  that  this  property  loss  would 

1 


T” 


AFML-TR-76-153 


probably  not  be  a major  concern.  However,  now  that  composites  are  being 
applied  to  primary  aircraft  structures,  It  would  be  very  desirable  to 
design  the  composites  closer  to  their  application  requirements,  resulting 
In  a lighter  structure  and  reduced  materials  and  fabrication  costs. 

This  necessitates  that  the  behavior  of  the  composite  materials,  In 
particular  the  resin  matrices,  be  well  characterized  with  respect  to 
their  environmental  responses  and  that  they  suffer  no  unpredictable  loss 
of  mechanical  properties  due  to  moisture  and  other  environmental  factors. 

Several  mechanisms  have  been  postulated  for  the  humidity  related 
property  losses  shown  by  the  epoxies  (References  1,  3,  5).  These 
Included  plasticization  and  chemical  reactions  such  as  chain  scission 
leading  to  degradation.  Plasticization  needed  to  be  validated,  and  the 
presence  and  extent  of  the  other  possibilities  needed  to  be  delineated. 

It  should  be  noted  that  additional  problems  can  arise  In  epoxy  composites 
due  to  the  presence  of  fibers.  Included  here  would  be  fiber  loading, 
fiber  orientations  (loading  mode),  wlcklng  effects,  Interfacial  adhesive 
problems,  etc.  It  Is  essential,  however,  that  the  neat  (pure)  resin 
matrix  materials  be  dealt  with  first  In  order  to  differentiate  between 
composite  structure  engineering  problems  and  the  matrix  materials 
related  problems. 

In  the  normal  course  of  composite  development,  the  candidate  resins 
are  characterized  neat  (without  fibers  or  fillers)  and  until  recently 
no  allowance  has  been  made  for  appropriate  environmental  exposures.  The 
delineation  of  environmental  effects  (high  humidity  and  high  temperature, 
principally)  and  how  they  occur  are  generally  not  well  understood.  The 
objective  of  the  research  program  described  herein  was  to  Investigate 
the  effects  of  environments  on  one  particular  epoxy  composite  matrix 
resin. 
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SECTION  II 
HISTORICAL 

The  deleterious  effects  of  moisture  on  the  elevated  temperature 
properties  of  graphite  fiber  rMnforced  composites  was  first  observed 
by  Investigators  at  General  Dynamics  and  Flberlte  Corporations  In 
1970  (Reference  6).  In  the  course  of  a joint  graphite/epoxy  prepreg 
fabrication  and  evaluation  program,  It  was  found  that  composite  specimens 
which  had  been  Inadvertently  exposed  to  high  humidity  for  several  days 
prior  to  acceptance  testing,  lost  a significant  amount  of  their  high 
temperature  properties.  Subsequent  to  this  discovery,  several  workers 
(References  1-4)  documented  the  effect  of  absorbed  moisture  on  epoxy 
composite  properties.  Principal  emphasis  was  placed  on  graphite/epoxy 
composites  with  very  minimal  efforts  being  directed  toward  the  neat 
resin  matrix.  Host  of  these  efforts  centered  about  the  evaluation  of 
the  effect  of  moisture  on  typical  engineering  properties  with  essentially 
no  effort  applied  to  the  mechanisms  of  the  phenomenon. 

Concern  about  the  environmental  durability  of  epoxy  resin  systems 
has  existed  for  many  years.  Some  of  the  earliest  Investigations  in  the 
late  1 950 ' s were  concerned  with  deleterious  effects  of  humid,  tropical 
environments  on  adhesive  bonded  metal  lap  joints  (Reference  7). 

Subsequent  to  this,  fiberglass/epoxy  composites  were  examined  as  to  any 
adverse  effects  of  high  relative  humidity.  With  this  type  of  work  being 
performed  over  the  last  20  years  on  the  effects  of  humidity  on  epoxy 
systems,  It  Is  reasonable  to  ask  why  the  epoxy-moisture  phenomenon  was 
not  addressed  much  earlier.  The  reason  simply  was  that  In  the  earlier 
time  period  the  vast  majority  of  applications  for  epoxy  structures  were 
for  ambient  to  low  temperatures,  and  It  Is  not  until  tests  are  conducted 
at  elevated  temperatures,  near  the  glass  transition  temperature  of  the 
resin,  that  the  effect  of  absorbed  moisture  becomes  clearly  evident. 

With  the  advent  of  graphite  and  boron  fibers,  more  stringent 
demands  were  placed  on  the  resin  matrix  material.  In  order  to  effectively 
utilize  the  high  strength  and  modulus  of  the  reinforcement,  the  resin 
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matrix  must  have  good  adhesion  to  the  fiber,  high  strength  and  stiffness, 
and  furthermore,  must  maintain  these  properties  'o  relatively  high 
temperatures.  It  was  during  the  elevated  temperature  testing,  following 
exposure  to  high  humidity  environments,  that  the  epoxy-moisture 
phenomenon  became  clearly  evident. 

1.  MOISTURE  ABSORPTION  AND  TRANSMISSION  IN  EPOXIES 

The  absorption  of  water  by  epoxy  resins  and  epoxy  resin  composites 
can  In  large  part  be  attributed  to  the  moisture  affinity  of  specific 
functional  groups  of  a highly  polar  nature  In  the  cured  resin.  This  is 
Illustrated  In  Figure  1 and  Table  1 (Reference  8).  The  three  most 
Important  polar  functional  groups  present  In  the  epoxies  and  their 
respective  associations  with  water  are:  (1)  hydroxyl  groups  formed 
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TABLE  1 

WATER  ABSORPTION  AND  OXYGEN  CONTENT  OF 
ME7APHENYLENEDI AMINE  CURED  EPOXY  CASTINGS  (Reference  8) 


Mo. 



Rosin 

During  Agent, 
phr 

Oxygen  Content 
of  C siting, 
& (oelad) 

Weter  Absorption 
at  Room  Temp. , 
fiwt  Qein  After 
28  Day  Soak  In 
Distilled  HflC 

a 

Olyoidyl  nlyoldete 

CL,1)  37.5 

32.0 

13.0 

D 

EFON  X-22 
(Puro  EPON  fiSfl) 

CL,  15.6 

16.3 

0.97 

B 

Dlglyoldyl  other 
of  1,  4 bi*[2(n- 
hydroxyphonyl)  2- 
propylj  benatmo 

CL,  11.4 

12.6 

0.98 

B 

1,5  Divinyloyolo- 
pentaue  dionoxlde 
(oIh  lsonor; 

CL,  34 

13.5 

0.98 

5 

Blefa^-eptay- 
oyolopontyl) other 
(trim*) 

CL,  28.4 

80.5 

3.8 

6 

Dlglyoldyl  other 

OL,  40 

86.0 

4.7 

7 

Diglyoldyl-4,5 
epoxyaya  lohoxone- 
1,2  dlcarboxylsto 

CL,  25.5 

30.4 

3.8 

8 

1,2,6, 7 Diepoxy- 
heptane 

OL,  4o.5 

17.8 

1.3 

9 

Dlglyoidyltrlbromo" 

enilino 

CL,  10 

6.6 

0.2 

10 

Diglycidylenilino 

CL,  24.3 

18.6 

0.6 

u 

KPON  X-001*) 

CL,  24 

19.T 

1.9 

18 

1,2,7,8-Diopoxy- 

ootsns 

CL,  37.3 

16.4 

1.1 

6L  » met  aphony lened la'mino . f 

2,6(2,3-epaxy?ropyl)phenyl  glyoldyl  ether  I y. 


AFML-TR-76-1 53 


and  (3)  amino  groups  from  amine  curing  agents 


H — O 

ft  ft 

R ~ N +H.O •>  - N ~R 

I « | 
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H 


H 


Amlne/HgO  Association 


Other  polar  species  such  as  sulfone  groups  present  In  many  curing  agents 
or  organometalllc  catalysts  could  also  exhibit  a high  afflnlt  for 
moisture. 


Not  only  Is  hydrogen  bonding  Important  In  the  water  absorption 
process,  It  Is  also  Important  In  providing  high  strength  to  resins  and 
composites  since  hydrogen  groups  on  the  polymer  chain  can  form  hydrogen 
bonds  to  groups  on  other  polymer  chains.  Bond  strengths  attributed  to 
hydrogen  bonding  such  as  those  Illustrated  are  on  the  order  of 
4-9  kcal/mole  (Reference  9),  which  may  be  compared  to  Van  der  Waals 
forces  which  are  on  the  order  of  only  1 - 2 kcal/mole  (Reference  9). 
Therefore,  based  on  bond  strengths,  epoxy  resins  are  approximately  two  to 
three  times  stronger  than  they  would  be  If  the  polymer  molecules  were 
held  together  solely  by  Van  der  Waals  forces. 

The  absorption  and  transmission  of  water  molecules  In  a plastic 
material  can  be  represented  by  Flck’s  law  diffusion  models.  Recent 
studies  (References  3,  10,  11)  have  applied  Flck’s  second  law  to  the 
study  of  epoxy  resins  and  epoxy  resin  based  composites.  The  general 
diffusion  equation  for  one-dimensional  diffusion,  Flck's  second  law.  Is 
as  follows: 


JLL. 

bt 


(1) 


7 


1 


AFML-TR-76-153 


where:  c a concentration 

t;  « time 
x ■ distance 

D ■ diffusion  coefficient 


Van  Amerongen  (Reference  12)  has  summarized  the  solutions  of  this 
differential  equation  which  have  been  developed  for  various  conditions. 
For  the  simple  case  of  a flat  sheet  absorbing  a vapor  from  a constant 
environment  at  Its  two  faces,  the  amount  of  penetrant  absorbed  as  a 
function  of  time  Is 


T «• 


(2) 


where: 

i * thickness  of  plate 

F ■ fraction  of  equilibrium  amount  absorbed  In  time,  t 

Equation  2 can  then  be  rearranged  to  give 

D „ J&IjlL  (3) 

D I6t 

from  which  the  diffusion  coefficient  can  be  obtained.  The  most  appro- 
priate way  to  determine  D Is  to  utilize  Equation  2 arid  make  a plot  of  F 
versus  t1^2  which  gives  a straight  line  of  slope,  s,  given  by 

e ■ 4-  <D/W)l/Z  (4) 

* 

Rearranging  Equation  4 gives  the  following: 

D . JLfliL.  (5) 

D 16 

from  which  0,  the  diffusion  coefficient,  can  be  obtained. 
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In  the  experimental  process,  the  equilibrium  absorption  value  is 
found  by  exposing  finely  powdered  resin  samples  to  a high  humidity 
environment  until  a constant  weight-gain  is  achieved.  Moisture  absorption 
values  are  then  measured  on  cast  resin  plates.  These  values  togrther 
with  the  equilibrium  value  give  the  experimental  absorption  fractions, 
the  F values,  which  are  then  plotted  versus  the  square  root  of  time. 

-Q  -Q  » 

•Dlffuslvltles  of  4.77  x 10  and  11.3  x 10  cm  /sec  were  determined 
(Reference  3)  for  two  different  "state-of-the-art"  epoxy  resin  systems 
using  the  aforementioned  procedure  where,  In  each  case,  the  data  were 
found  to  be  accurately  described  by  straight  lines  (Figure  2).  These 
values  are  of  the  same  magnitude  as  values  previously  reported  in  the 
literature  (References  13,  14)  for  the  diffusion  of  water  In  epoxy. 

These  values  of  the  water  diffusion  coefficients  were  then  used  In 
a computer  program  (Hercules  Incorporated's  1-D  Multicomponent  Diffusion 
Computer  Program  No.  61014)  to  determine  the  water  concentration  profiles 
through  1 -cm-thlck  cast  epoxy  plates  (Figures  3 and  4).  The  computer 
program  uses  the  Crank-Nlcolson  finite  difference  method  to  solve  Flck's 
second  law  of  diffusion.  Examination  of  Figures  3 and  4 Illustrates 
that  the  rate  of  diffusion  of  water  through  the  resin  materials  Is 
relatively  slow.  Resin  A requires  four  years  and  Resin  B two  years 
for  the  center  of  a 1 cm  plate  to  reach  the  equilibrium  level  of  absorbed 
water  in  a 75 % RH,  RT  environment.  The  curves  also  predict  that  after 
only  four  weeks  exposure,  a steep  concentration  gradient  exists  with 
essentially  all  of  the  absorbed  water  concentrated  In  the  outer  0.2  cm 
of  the  specimens. 

It  should  be  noted  that  the  diffuslvlty  value  will  be  dependent  on 
the  chemical  structure  of  the  particular  resin  system  (l.e.,  the  base 
epoxy  resin  structure,  specific  curing  agent,  catalysts,  accelerators, 
etc.)  as  well  as  Its  fabrication  history, 

The  aforementioned  diffusion  study  was  subsequently  extended  to 
epoxy  composites  reinforced  with  both  graphite  fibers  (Reference  3) 
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and  boron  filaments  {Reference  11).  In  each  case  Flcklan  behavior 
Identical  to  that  of  the  neat  resins,  excluding  volume  effects,  was 
found.  Straight-line  plots  of  F vs.  t1^2  were  found,  as  were  similar 
water  concentration  profile  vs.  thickness  plots.  This  Is  highly 
indicative  of  the  Importance  of  understanding  the  matrix,  material 's 
behavior,  since  an  understanding  of  Its  behavior  would  allow  one  to 
predict  the  composite's  behavior. 


Subsequent  studies  (Reference  10)  into  the  diffusion  of  water  Into 
epoxy/graphite  composites  found  that  at  very  high  values  of  F,  the 
moisture  content  vs.  t^2  curves  asymptotically  approach  the  equilibrium 
moisture  contents  (Figure  5)  Instead  of  remaining  linear.  Apparently 
;prevl oqs  workers  were  qperatl ng  at  relatively,, lower  values  of  F (lower 
inolsturd  contents)  whaf'e  the  curves  of  f vs,  t^'2  are  linear. 


To  adequately  describe  this  asymptotic  behavior  of  F,  a curve 
fitting  farm,  of  Equations  was  empirically  arrived  at  (Reference  10): 


As  time  approaches  Infinity,  the  hyperbolic  tangent  forces  the  value  of  F 
to  approach  1.0.  The  ability  of  this  equation  to  adequately  describe 
the  moisture  pick-up  process  In  neat  resins  has  never  been  Investigated. 


In  this  same  study  (Reference  10),  It  was  found  that  the  equilibrium 
amount  of  absorbed  moisture  Is  directly  proportional  to  the  relative 
humidity  or  water  vapor  concentration  (Figure  6).  This  dependence  of 
equilibrium  moisture  content  on  relative  humidity  and  Independence  with 
respect  to  temperature  was  further  Illustrated  In  Figure  7 for  75*  RH 
and  100*  RK  exposures  at  different  temperatures. 


These  seme  workers  extended  their  study  to  Include  the  moisture 
absorption  process  In  graphlte/epuxy  composites  as  a function  of 
real-life  service  environments.  The  exposure  cycle  shown  In  Figure  8 
was  developed  by  General  Dynamics  (Reference  10)  end  Is  considered' 
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Figure  5.  Moisture  Absorption  In  a 4-Ply  Graphite/Epoxy  Laminate  at 
120°F  (Reference  10) 
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Figure  6.  Effect  of  Relative  Humidity  on  Equilibrium  Moisture  Content 
(Reference  10) 
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• FLORIDA  RUNWAY  CONDITIONS  <75%  R.H.  AT  ?5°F),  7 OAYS  PER  WEEK 

• MONDAY  AND  THURSDAY 

if  Rain  (3*1  <2  Hours  Each  Day) 
if  Subsonic  Flight  t*W°F  for  90  Mlnutasl 


• TUESDAY  AND  FRIDAY 

if  Rain  (3*1/2  Hours  Each  Day) 
f Subsonic  Flight  l*15°F  for  43  Minutes! 


Flyura  8.  A "Real-Life"  Environmental  Exposure  Cycle  (Reference  10) 


to  be  an  environment  that  Is  quite  representative  of  a typical  flight 
profile  for  a supersonic  aircraft.  The  results  of  absorption  studies 
on  8-ply  laminates  ore  shown  In  Figure  9 with  real-life  data  plotted 
along  with  humidity  only  results.  It  Is  apparent  that  the  real-life 
environment  has  caused  an  acceleration  of  the  moisture  absorption  rate 
and  raised  the  absorption  level  to  values  higher  than  equilibrium 
values  for  humidity  only  conditions.  It  was  subsequently  found  that  the 
ono  variable  that  led  to  this  type  of  behavior  was  the  supersonic  heating 
spike  (Reference  10). 

The  real-life  environment  was  not  applied  to  neat  recln  specimens 
to  examine  matrix  behavior.  Further,  the  mechanism  by  which  the  heat 
spike  causes  the  Increase  In  the  weight-gain  process  was  not  Investigated. 
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Figure  9.  Comparison  of  Real-Life  and  Simple  Humidity  Absorption 
Behavior  (Reference  10) 


The  most  recent  study  (Reference  15;  Into  the  diffusion  of  moisture 
Into  graphite/epoxy  composites  utilized  tho  series  solution  of  Equation  1 
previously  described  In  Van  Amerongen  (Reference  12),  to  determine  the 
percent  moisture  content,  M,  of  the  material  as  a function  of  time,  t. 

It  was  found  that  the  value  of  M Is  given  by 

M ■ C <Mm  - Mt)  + (7) 

where  Is  the  Initial  moisture  content,  Is  the  equilibrium  moisture 
content,  and  6 Is  a time  dependent  parameter  given  by: 

e*P  f - (2j  + l)2 
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Equation  8 can  be  approximated  by 


0*1-  exp 


(9) 


This  treatment  yields  curves  equivalent  to  those  shown  In  Figure  5 
for  M vs.  t^2. 


This  particular  treatment  of  Flck's  Second  Law  was  never  extended 
to  the  resin  matrix  material. 

As  a final  note  to  this  background  discussion  of  prior  diffusion 
studies*  It  Is  worthwhile  to  point  out  that  all  of  these  treatments 
have  the  one  common  feature  of  determining  the  value  of  the  diffusion 
coefficient  from  the  linear  portion  of  the  F vs.  t ' curve.  In  essence 
then,  If  one  Is  applying  a finite-element  analysis  to  the  absorption 
process  In  order  to  determine  moisture  concentration  profiles,  It  makes 
no  difference  which  technique  Is  used. 

2.  MOISTURE  EFFECTS  ON  THE  PHYSICAL/MECHANICAL  PROPERTIES  OF 
EXPOXIES 

It  1$  Important  to  reemphasize  that  the  problem  under  consideration 
Is  the  loss  In  elevatod  temperature  mechanical  properties  exhibited 
by  epoxy  resins  and  composites  after  the  absorption  of  moisture  from 
high  humidity  exposures.  Prior  to  considering  potential  mechanisms 
by  which  moisture  may  cause  a loss  In  mechanical  properties,  consider 
the  resin  In  a "dry",  unexposed  condition.  In  the  absence  of  water,  vhe 
only  environmental  condition  of  any  Importance  Is  temperature  (excluding 
chemical  degradation  such  as  oxidation). 

The  discussion  then  comes  down  to  what  possible  processes  exist  by 
which  stresses  may  be  relieved  In  the  polymer  due  to  temperature.  In 
general,  there  are  five  basic  types  of  relaxation  processes  possible  In 
a polymer  system  (Reference  16),  and  these  are  Illustrated  In  Figure  10. 
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Processes  "C",  "D",  and  "E"  can  be  eliminated  since  the  resins  we  are 
concerned  with  are  amorphous,  not  crystalline  (Reference  17).  Also,  since 
these  resins  are  cured  and  post-cured  at  temperatures  several  degrees 
higher  than  their  use  temperatures,  process  "A"  should  not  be  Important 
here.  Likewise,  as  long  as  these  polymeric  materials  are  used  at 
temperatures  sufficiently  below  their  glass  transition  temperature,  Tg 
(l.e. , at  temperatures  where  they  retain  their  structural  Integrity) 
process  "B"  should  not  be  of  concern.  In  essence  then,  these  materials 
should  not  exhibit  any  significant  property  loss  under  normal  use 
conditions. 

If  an  epoxy  resin  containing  a certain  weight  percent  water  Is 
considered  to  be  a polymer  plus  diluent  system,  the  stress  relaxation 
processes  previously  discussed  (Figure  10)  could  be  applied.  Processes 
"C",  "D",  and  "E"  can  still  be  eliminated  since  the  material  Is  still 
amorphous.  Then  this  leaves  processes  "A"  and  "B"  as  the  principal 
candidates  by  which  stress  relaxation  may  take  place.  In  other  words, 
the  presence  of  water  could  result  In  a weakening  of  the  polymer  due  to 
chain  scission  at  elevated  temperatures  (process  "A").  Similarly,  the 
presence  of  water  could  allow  viscous  flow  or  diffusion  to  take  place  at 
a lower  temperature  (Reference  18)  (l.e.,  the  material  has  been  plasti- 
cised) so  that  the  maximum  use  temperature  of  the  material  Is  lowered  by 
process  "B". 

Chemical  stress  relaxation  or  chemical  creep  (process  "A")  Is  a 
mechanism  that  has  been  observed  In  several  polymers  (Reference  19)  and 
Involves  the  breakage  of  primary  chemical  bonds  due  to  the  combined 
effect  of  water,  temperature,  and  stress.  It  has  the  characteristic 
feature  of  Irreversibility.  Stress  relaxation  due  to  viscous  flow  or 
diffusion  as  a result  of  absorbed  moisture  (l.e.,  plasticization)  would 
have  the  characteristic  feature  of  reversibility,  that  Is,  the  original 
properties  can  be  regenerated  by  removing  the  plasticizer  (Reference  18). 
Therefore,  It  Is  appropriate  to  discuss  the  physical  and  mechanical 
behavior  of  epoxy  systems  In  a moisture  environment  under  the  categories 
of  reversible  or  Irreversible  processes. 
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3.  REVERSIBLE  PROCESSES 

Studies  of  reversible  behavior  have  generally  centered  about  experl* 
mental  measurements  which  yielded  results  that  were  either  a direct  or 
Indirect  measurement  of  the  effect  of  the  amount  of  absorbed  moisture  on 
a resin's  or  composite's  Tg,  Several  techniques  have  been  utilized. 

One  of  the  first  methods  (Reference  20)  to  be  employed  was  to  measure 
the  Barcol  Hardness  of  the  resin  as  a function  of  temperature  and  water 
absorption  (Figure  11).  Results  showed  that  the  hardness  at  temperature 
was  lowered  as  a function  of  water  content  and  could  be  restored  upon 
drying  the  specimen  to  Its  original  weight. 

Another  technique  which  has  become  very  popular  Is  to  measure  a 
specimen's  deflection-temperature  behavior  under  load  as  a function  of 
Its  moisture  content  (References  2 and  20).  These  tests  yield  results 
such  as  those  shown  In  Figures  12  and  13  for  different  moisture 
weight-gains.  Analogous  to  the  hardness  measurements,  there  Is  a 
lowering  of  the  deflection  temperature  curve  due  to  absorbed  moisture, 
and  the  original  deflection  temperature  curve  can  be  recovered  upon 
drying  of  the  specimen. 

Epoxy  resin  T changes  as  a function  of  absorbed  moisture  have  also 
been  determined  using  the  classical  Tg  measurement  tool,  the  dllatometer 
(Reference  21),  wherein  the  volumetric  expansion  of  the  resin  Is 
measured.  Typical  results  are  shown  In  Figure  14  for  unaged  and 
humidity  aged  specimens,  showing  the  drop  In  Tg  due  to  moisture 
absorption. 

Similar  changes  In  resin  Tg  as  a result  of  absorbed  moisture  have 
been  Investigated  using  other  techniques  such  at  thermomechanical 
analysis  (Reference  10),  torsion  braid  analysis  (Reference  22),  and  a 
variety  of  standard  mechanical  tests  such  at  flexure,  tensile,  and  shear 
measurements  (References  2,  3,  23). 
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Figure  14.  Dilatoaeter  Results  on  Dry  and  timidity  Aged  Epoxy 
Specinens  (Reference  21) 
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In  actuality,  all  of  these  Investigators  were  measuring  the  effects 
of  the  same  phenomenon  - moisture  Induced  plasticization  of  the  epoxy 
resin.  Therefore,  In  all  cases  similar  behavior  was  observed  - absorbed 
moisture  lowers  the  resin  Tg  (plasticization)  or  Tg  governed  mechanical 
property,  and,  as  would  be  anticipated,  thd  Tg  or  mechanical  property 
was  found  to  be  recoverable  upon  drying  of  the  specimen  to  Its  original 
weight.  The  process  Is  reversible. 

This  plasticization  or  lowering  of  the  resin's  Tg  Is  fully  reflected 
In  matrix  - dominated  composite  properties  wherein  substantial  elevated 
temperature  property  losses  are  observed.  This  behavior  has  been  well 
documented  for  different  types  of  matrix  controlled  laminate  orientations 
and  tests  (References  2,  23)  and  substantiates  the  need  to  understand 
the  mechanisms  by  which  the  resin  matrix  material  Is  affected  by  absorbed 
moisture. 

' ' ‘ ‘ \1 
V , 

4.  IRREVERSIBLE  PROCESSES 

Studies  of  the  Irreversible  degradation  of  epoxy  resins  have  In  the 
past  been  largely  limited  to  thermally  or  tharmo-oxl datively  Induced 
degradation  (References  24*26).  Irreversible  hydrolytic  degradation 
(moisture-induced  chemical  chain  scission)  has  not  been  considered  to 
be  a problum  of  any  great  concern  In  the  case  of  the  amine-cured  epoxies 
under  Investigation  In  this  research  program  and  of  Interest;  to  the 
aerospace  materials  community.  However,  hydrolysis  was  a well-knpwn 
occurrence  In  anhydride-cured  epoxies  (Reference  17)  wherein  moisture 
sensitive  ester  linkages  are  formed  as  a result  of  the  cure  reaction. 

With  respect  to  the  amine-cured  systems,  previous  efforts,  as  pointed 
out  earlier,  have  been  limited  to  the  effects  of  absorbed  moisture 
on  physical  properties  such  as  Tg,  with  no  direct  effort  applied  to  the 
study  of  Irreversible,  chemical  chain  scission  mechanisms. 

A recently  Initiated  study  (Reference  27)  Into  potential  moisture  - 
Induced  chemical  reactions  Is  using  Fourler-Transform  Infrared 
Spectroscopy  to  detect  any  evidence  of  chemical  changes  occurring 
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during  stress-temperature-humidity  exposures.  This  instrumental 
technique  Is  a highly  sophisticated  spectroscopic  method  that  is  capable 
of  detecting  very  minute  changes  In  chemical  functionality.  Results 
to  date  show  some  minor  decreases  In  the  functionality  associated  with 
the  curing  agent.  The  reason  for  this  has  not  been  established. 

In  summary,  the  Information  available  has  shown  that  tha  Tg  of 
epoxy  res Ins. Is  lowered  as  a result  of  absorbed  moisture  and  that  matrlx- 
coiitroiled  composite  properties  are  adversely  affected.  However,  none  of 
the  previous  studies  considered  the  specific  epoxy  resin  system  Investigated 
herein  which  Is  of  paramount  Importance  to  the  aerospace  materials 
community. was  of  a qualitative  nature  and 
diet  not  attempt  to  explain  or  quantify  the  moisture  absorption  and 
T changes  in  terms  of  existing  theoretical  relationships.  In  addition, 
thd  Influence  of  a real-life  environment  on  the  of  epoxy  resins  has 
not  been  Investigated,  nor  were  the  relationships  of  Tfl  changes  to 
changes  In  the  other  physical /mechanical  phenomena  such  as  tensile 
moduli,  creep  rupture,  and  moisture  weight-gain.  If  epoxy  resins  are 
to  be  exploited  to  their  fullest  potential  in  primary  structure 
applications  as  matrix  resins  and/or  adhesives,  then  a fuller,  more 
fundamental  understanding  of  their  response  to  a humid,  high  temperature 
environment  must  be  obtained. 

To  achieve  this  understanding,  It  was  necessary  to  determine  the 
effect  of  absorbed  moisture  on  the  Tg  of  this  particular  opoxy  resin 
system,  to  quantify  this  phenomenon  In  terms  of  an  existing  theoretical 
relationship,  and  to  extend  this  Investigation  to  Include  the  effect  of 
reel-life  environmental  conditions  on  the  T . Furthermore,  the  complete 
lack  of  any  prior  work  Illustrated  the  need  for  determining  If  other 
mechanisms  might  exist  for  the  moisture- Induced  elevated  temperature 
property  losses  In  epoxy  resin  matrix  materials. 
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SECTION  III 
RESEARCH  PLAN 


The  Investigation  Into  the  mechanisms  of  moisture- Induced  property 
losses  In  epoxy  resins  consisted  of  the  following  approach.  After 
selection  of  the  appropriate  epoxy  resin,  Its  moisture  absorption  and 
diffusion  characteristics  would  be  thoroughly  characterized.  These 
result*  woulti  then  be  utilized  to  determine  the  changes  In  the  resin's 
Tg  as  a function  of  absorbed  moisture.  These  Tg  changes,  combined  with 
knowledge  of  diffusion  behavior,  would  then  be  employed  to  guide  the 
set-up  and  Interpretation  of  subsequent  tests  such  as  tensile  strength 
and  modulus  and  creep  behavior.  Collectively,  these  data  would  provide 
the  Information  needed  to  determine  the  mechanisms  by  which  moisture 
affects  the  elevated  temperature  properties  of  epoxy  resins. 

To  make  the  results  of  this  research  program  meaningful,  an  epoxy 
resin  was  chosen  which  would  evoke  the  highest  Interest  possible  from 
both  the  aerospace  materials  engineering  and  the  polymer  science 
communities.  This  resin  would  be  fabricated  Into  suitable  test  specimens 
for  performing  the  remainder  of  the  research  program,  which  would  consist 
of  two  basic  areas;  (1)  determination  of  the  absorption  and  diffusion 
characteristics  of  the  epoxy  resin  and  (2)  determination  of  the  resin's 
physical /mechanical  response  as  a function  of  the  absorbed  moisture. 

The  particular  epoxy  resin  Investigated  had  not  been  examined 
previously  relative  to  Its  moisture  absorption  and  diffusion 
characteristics.  Therefore,  the  first  part  of  the  program  consisted  of 
selecting  an  appropriate  tost  specimen  geometry,  determining  rates  and 
amounts  of  moisture  absorbed,  the  method  of  moisture  transmission  through 
the  resin,  and  the  geometric  distribution  of  moisture  within  the  epoxy 
sample.  These  objectives  were  to  be  Investigated  as  a function  of  both 
simple  humidity  environments  and  real-life  environment.  In  essence, 
this  phase  of  the  program  would  serve  as  the  foundation  to  guide  and  aid 
In  Interpreting  the  results  of  the  next  phase.  The  results  of  the 
diffusion  studies  would  provide  needed  experimental  parameters  such  as 
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equilibrium  weight-gains,  times  to  reach  specified  weight-gains,  the 
physical  distribution  of  water  In  the  specimen,  and  the  amount  of 
specimen  swelling. 

The  first  phase  of  the  program  would  then  be  followed  by  physical/ 
mechanical  characterlzatio  .$  a function  of  absorbed  moisture.  The 
results  of  this  second  phase  would  provide  the  Information  necessary  to 
determine  the  mechanisms  of  moisture-induced  property  losses  In  the 
epoxy  system.  The  plan  was  to  first  determine  the  effect  of  absorbed 
moisture  on  resin  Tfl  as  a function  of  both  simple  humidity  and  real-life 
exposures.  In  the  course  of  this  study  a plasticization  phenomenon 
would  be  delineated  and  then  explained  and  quantified  In  terms  of 
existing,  well-established  theoretical  relationships.  Knowledge  of 
how  moisture  affects  the  resin's  T would  be  used  to  guide  subsequent 
experimental  tests  (particularly  with  respect  to  test  temperatures)  and 
to  help  Interpret  their  responses. 

Several  physical/mechanical  tests  were  to  be  performed  such  as 
constant  strain-rate  tensile  tests,  dynamic  mechanical  tests,  and  creep. 
Relaxation  moduli  from  the  tensile  tests  would  both  verify  the  plasti- 
cization and  quantify  the  magnitude  of  Its  effect  on  mechanical  response. 
The  creep  tests  were  to  be  the  principal  mechanical  test  since  their 
results  would  determine  the  existence  of  Irreversible  processes  and 
possibly  Identify  any  unsuspected  mechanisms  of  moisture-induced 
property  losses.  The  test  was  to  be  performed  In  a controlled 
temperature/humidity  environment  at  a temperature  above  the  "wet"  Tfl 
of  the  epoxy  as  determined  by  the  prior  Tfl  studies.  Experimentally, 
this  would  entail  monitoring  specimen  response  In  a sealed  bomb  since 
the  test  temperature  would  exceed  the  boiling  point  of  water. 
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SECTION  IV 

RESULTS  AND  DISCUSSION 


1.  MATERIALS  SELECTION  AND  PREPARATION 


The  epoxy  resin  studied  In  this  program  was  chosen  on  the  basis  of 
Its  present  and  future  commercial  Importance.  This  particular  epoxy 
resin. system  was  obtained  In  a formulated,  commerclally-avallable 
condition  and,  therefore,  Is  typical  of  the  commercial  epoxy  resins  In 
use  today  In  composite  materials.  Its  formulation  Is  as  follows: 

EPOXY  RESIN 


CURINO  AGENT  (32phr) 


O 


CATALYST  (lphr) 

FSB«NIVC2n5 


where  phr  refers  to  parts  per  hundred  parts  by  weight  of  epoxy.  This 
particular  type  of  epoxy  resin  system  Is  common  to  several  resin  systems 
used  In  high  performance  graphite  composite  materials  and  to  several 
high  performance  adhesive  systems  (Reference  28).  Because  of  this, 
research  Into  the  environmental  behavior  of  thin  material  Is  of  sub- 
stantial Interest  to  the  aerospace  materials  engineering  community. 
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The  epoxy  plates  used  In  the  diffusion  studies  and  In  tensile  testing 
were  0,125  In.  thick  and  were  prepared  by  casting  the  material  between 
pyrex  glass  plates  with  0.125  In.  spacers.  A seal  around  the  periphery 
of  the  plates  was  made  using  Teflon  spaghetti  tubing. 

Epoxy  samples  were  fabricated  by  the  following  scheme.  The  as- 
received  resin  (which  Is  stored  at  0°F)  was  allowed  to  warm  to  room 
temperature.  Approximately  200  grams  of  resin  was  poured  Into  a large 
aluminum  dish.  This  sample  Is  then  placed  In  a vacuum  oven  at  room 
temperature  (RT)  under  full  vacuum  and  debulked  until  all  volatile 
matter  was  removed  as  evidenced  by  the  absence  of  bubble  formation. 
Approximately  100  grams  of  this  resin  was  poured  via  a funnel  Into  the 
glass-plate  casting  mold.  The  casting  mold  was  then  placed  In  a vacuum 
oven  at  200°F  under  full  vacuum  for  two  hours,  heated  to  250° F,  and  held 
under  vacuum  for  30  minutes.  The  vacuum  was  then  removed  and  final 
cure  allowed  to  take  place  at  350°F  for  30  minutes.  The  sample  was 
allowed  to  cool  overnight  to  RT. 

The  plates  were  then  machined  Into  appropriate  test  specimens  with 
diamond  wheel  saws  and  cutting  and  grinding  tools.  All  specimens  were 
examined  with  a polarizing  microscope  to  ensure  that  no  residual  stresses 
or  cracks  were  present. 

In  those  Instances  where  thin  films  (4-6  mils)  were  required  (such 
as  for  IR,  creep,  and  dynamic  tensile  testing)  the  above  procedure  was 
followed  except  that  the  spacers  and  seal  material  In  the  mold  were  3.5 
mils  thick  fluoroglass  fabric. 

2.  ABSORPTION  AND  DIFFUSION  STUDIES 

The  first  phase  of  the  research  effort  determined  the  absorption 
and  diffusion  characteristics  of  epoxy  resin  samples.  The  principal 
objectives  were  to  determine  the  rates  and  amounts  of  moisture  absorbed, 
the  mothod  of  moisture  transmission  through  the  epoxy,  and  the  geometric 
distribution  of  moisture  within  the  epoxy  as  the  absorption/diffusion 
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process  Is  occurring.  These  objective?  were  Investigated  as  a function 
of  simple  temperature/humidity  environments  and  simulated  real -life 
environments  involving  cyclic  exposures. 

a.  Sample  Configurations 

Time-weight  change  studies  were  performed  on  samples  whose 
dimensions  were  £.0  In,  x 2.0  In.  x 0.125  In.  These  dimensions  were 
chosen  to  obtain  meaningful  data  within  a raasonable  time  period.  It  Is 
desirable  to  use  a large  surface  area  plate  (relative  to  Its  thickness)  to 
simplify  the  treatment  of  the  diffusion  process  using  Flck's  Law,  and 
further,  It  Is  desirable  to  use  a thickness  that  Is  of  sufficient  size 
to  permit  the  determination  of  moisture  and  temperature  gradient  effects 
within  a reasonable  length  of  time.  These  criteria  are  satisfied  with 
specimens  having  tha  aforementioned  dimensions.  This  was  verified 
by  other  workers  (References  4,  10,  23)  and  by  the  Initial  results  In 
this  phase  of  the  program.  Thin  films  (3-7  mils  In  thickness)  were  also 
examined  and  will  be  considered  In  the  discussion  accordingly. 

b.  Constant  Temperature  and  Humidity  Exposures 

As  described  In  Section  II,  diffusion  of  moisture  Into  polymeric 
materials  can  ba  described  by  various  solutions  of  Kick's  Second  Law 
of  diffusion.  For  one-dlmanslonal  diffusion  assuming  a constant 
dlffualon  coefficient,  tha  general  diffusion  equation  was  shown  to  be 
Equation  1: 

•Sr  - D^f  (1) 

at  &xZ 

For  the  simple  case  of  a flat  shaet  absorbing  a vapor  from  a constant 
environment  at  Its  two  faces,  the  amount  of  penetrant  absorbed  as  a 
function  of  time  was  shown  to  be  given  by  Equation  2: 

F ■ 1 (2) 
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which  Is  the  so-called  linear  solution,  whose  applicability  to  this 
particular  epoxy  resin  will  be  described. 


Weight-gains  vs.  time  for  varying  temperature  and  humidity  conditions 
are  shown  in  Figures  15  and  16.  Figure  15  shows  the  weight-gain  vs. 
time  for  varying  temperatures  at  100%  RH  while  Figure  16  shows  similar 
data  for  75*  RH.  The  effects  of  Increasing  temperature  on  the  rate  of 
moisture  pick-up  can  readily  be  seen.  The  equilibrium  amounts  of 
moisture  absorption  (M^)  were  taken  from  the  maximum  weight-gains  found 
during  the  maximum  temperature  exposure  for  a given  humidity.  These 
particular  weight-gain  data  are  plotted  In  Figure  17  where  It  can  be 
seen  that  for  100*  RH,  Is  5.6*  and  for  75*  RH,  Is  4.2*.  A plot  of 
Mw  vs.  RH  (Figure  18)  shows  that  the  equilibrium  amount  Is  dlrnctly 
proportional  to  the  relative  humidity,  The  values  of  M,*  were  used  In 
Flck's  Law  calculations  to  determine  the  fraction  of  equilibrium 
weight-gain, ‘F, 


F * 


(10) 


where  * weight  at  time  1, 

Plots  of  F vs.  t1^2  are  shown  In  Figure  19  for  100*  RH.  As 
previously  discussed,  the  slopes  of  these  curves  were  used  to  solve  for 
the  values  of  D,  the  diffusion  coefficient  (Equation  5).  These  data  are 
summarized  In  Table  2.  Using  these  data  a plot  of  the  log  diffusion 
coefficient  vs.  the  reciprocal  of  the  absolute  temperature  can  be  made. 
The  straight-line  plot  obtained  (Figure  20)  Is  Indicative  of  the 
temperature  dependence  of  the  diffusion  coefficient  being  In  accordance 
with  the  theory  of  activated  diffusion  where  the  slope  of  the  Una  Is 
[-E/2,303  R]  as  In 

D-D  .-K'RT  (11) 

o 
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Figure  17.  Weight-6ai 
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Figure  T9.  Fraction  of  Equilibrium  Jfeight-Gain  as  a Function  of 
Square  Root  of  Time  for  100£  RH 
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where  DQ  ■ constant 

E • activation  energy  for  diffusion 

T * absolute  temperature 

The  value  of  E found  Is  also  shown  In  Table  2. 

A similar  treatment  was  also  given  to  the  data  obtained  at  75%  RH. 
Figure  21  has  plots  of  F vs.  for  different  temperatures  whose  slopes 
were  used  to  calculate  the  respective  .p.'s."  These  values  of  D and  the 
corresponding  absolute  tentf. rrature  were  used  to  prepare  a log  D vs. 

1/T  plot  (Figure  22)  from  Which  the  activation  energy  for  diffusion  at 
75%  RH  can  be  calculated.  The  75%  RH  data  Is  summarized  In  Table  3. 

The  dlffuslvltles  shown  In  Tables  2 and  3 are  of  the  same  magnitude 

ft  p 

(let. i 10  crt/mc)  a*  values  found  by  other  workers  on  various  epoxy 
systems  (Reference  3). 

These  values  of  the  water  diffusion  coefficients  were  then  used  In 
a computer  program  (Reference  4)  to  determine  the  water  concentration 
profiles  through  cast  epoxy, plates  of  varying  dimensions.  These  results, 
shown  In  Figures  23-25,  show  the  moisture  concentration  profiles  or 
gradients  that  exist  at  conditions  of  100°F  and  100%  RH  and  thicknesses  of 
0.125  In.,  0.25  In,  and  0.50  In.,  respectively.  Similarly,  Figures  26- 
28  show  the  gradients  that  exist  at  76°F  and  75%  RH  for  thicknesses 
of  0.125  in. i 0.25  In.  end  0.50  In.,  respectively.  As  can  be  seen,  for 
the  0.25-1n.  plate  at  100%  RH  it  takes  15  years  to  reach  uniform  moisture 
concentration  through  the  thickness  of  the  material.  Until  this  equilibrium 
Is  reached,  nonuniform  stresses  exist  through  the  thickness  of  the 
specimen  because  of  these  moisture  gradients.  These  stresses  can  lead 
to  surface  cracking  and  subsequent  mechanical  property  losses  under 
load.  These  effects  will  be  specifically  discussed  In  subsequent 
sections. 
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TABLE  2 

RESULTS  OF  LINEAR  SOLUTION  TO  FICK'S  LAW 
FOR  100%  RH  EXPOSURES 


LINEAR  SOLUTION 

■/* 


F « 


4-  ( -©-■) 


J(*F) 

R.  H.(%> 

100 

100 

7.93  x !0“'° 

120 

100 

2. 17  x 10“ • 

140 

100 

6.58  x I0“f 

160 

100 

1,39  x 10’* 

Ea  * 18.4  KCAL/MOLE 


TABLE  3 

RESULTS  OF  LINEAR  SOLUTION  TO  FICK'S  LAW 
FOR  7f>%  RH  EXPOSURES 


LINEAR  SOLUTION 

«/* 


F = ^-(  Dt 


w 


) 


T(°F) 

RH  (%> 

D (cm2/sec ) 

75 

75 

0.95  XIO-9 

160 

75 

22.70X10-9 

1 80 

75 

36.30X10-9 

E A s 13.20  KCAL/MOLE 
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Diffusion  of  Water  into  a 0.1 25-Inch  Thick  Plate  of 
Epoxy  Resin  at  100°F  and  100*  RH 


O’f 


;m  a 


0** 


Figure  25.  Diffusion  of  Water  into  a 0.500-Inch  Thick  Plate  of  Epoxy 
Resin  at  100°F  and  100X  RH 


Diffusion  of  Water  into  a 0.125-Inch  Thick  Plate  of  Epoxy 


Figure  27.  Diffusion  cf  Mater  into  a 0.25-Inch  Thick  Plate  of  Epoxy 
Resin  at  75°F  and  751  RH 
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Similar  diffusion  coefficients  and  concentration  profiles  have  been 
found  tor  both  graphite  ami  boron  composites  (References  3,  4,  11,  23) 

when  corrections  were  made  for  volume  effects.  These  results  substantiate 
the  Importance  of  the  resin  matrix  in  the  diffusion/absorption  process. 


In  summary,  these  results  show  that  moisture  Is  absorbed  by  epoxies 
and  transmitted  Internally  by  a mechanism  treatable  by  Flck's  Law. 
Because  of  this  behavior,  concentration  gradients , and  In  turn,  stress 
gradients,  exist  through  the  thickness  of  the  material. 


Practically  speaking,  the  linear  solution  to  Flck's  Law  will  not 
provide  an  accurate  picture  of  the  we1gnt*g«1n  process  when  F reaches 
a value  of  approximately  0.6  because  at  these  values  and  higher  the 
sheet  can  no  longer  bu  expected  to  behave  as  a semi  •'Infinite  plate 
(Reference  12)  and  consequently  F 1$  not  linear  with  the  square  root  of 
time.  The  problem  with  the  linear  modal  can  be  seen  by  considering 
Figure  24  where  F 1c  plotted  against  tl//z  for  the  condition  of  IOCS'.  RH 
and  160°F.  At  values  of  F of  0.7  and  greater  the  weight -gain  process 
becomes  nonlinear  and  asymptotically  approaches  the  value  of  1.0. 

Because  of  this  behavior  a curvo  fitting  model  (Referur.ee  10)  was 
used  which  more  accurately  depicts  the  weight-gain  process  at  high  values 
of  F,  This  model  used  the  hyperbolic  tangont  of  the  linear  solution 


The  hyperbolic  tangent  function  forces  the  curve  to  go  to  a value  of  one 
asymptotically. 


The  hyperbolic  tangent  treatment  was  applied  to  the  same  data 
treated  with  the  linear  model  for  the  case  of  1 00%  RH.  In  this  case 
the  following  was  dona: 


F 


TANH 


[*&n 


(6) 
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TANlf1  (F) 


02) 


[tanii*1  (F)J 


Jjf>  Dt_ 

A 


(13) 


1 2 

Therefore,  plots  were  made  of  [TANH  (F)]  vs.  t.  The  slope,  s,  of 
the  plots  were  used  to  calculate  the  values  of  D from: 


I)  U 


16  D 


(14) 


or 


» ■ -’ft- 


(15) 


Figures  30  to  33  .uw  the  results  of  applying  the  TANH  treatment  to  the 
100%  RH  data  at  the  temperatures  of  100°F,  12m-,  140°F,  and  160°F 
respectively,  The  values  of  the  diffusion  coefficients  are  summarized 
In  Table  4.  Similar  to  the  linear  treatment,  a plot  of  log  D vs.  1/T 
(Figure  34)  was  made  to  yield  the  activation  energy  for  diffusion  shown 
In  Table  4.  The  data  can  be  compared  to  the  data  obtained  using  the 
linear  solution  (Table  2).  As  can  be  seen,  there  Is  no  significant 
difference  between  tho  two  techniques  for  the  lower  temperatures. 


Perhaps  the  most  appropriate  method  for  handling  the  diffusion 
problem  Is  the  calculation  of  a 0 using  the  linear  model  and  then 
applying  the  series  solution  to  Flck's  Law  to  predict  the  absorption 
process.  The  utilization  of  the  series  solution  has  only  recently  been 
described  (Reference  15)  and  Is  developed  as  follows: 

Starting  with  the  previously  described  general  diffusion  equation: 

J5JL  p d..&L L (1) 

it  *4 
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0.12 


TIME  ( 10s  sec) 

Treatment  of  Epoxy  Moisture  Absorption  for  100%  RH 


Figure  33.  TANH  Treatment  of  Epoxy  Moisture  Absorption  for  100%  RH 
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TABLE  4 

RESULTS  OF  TANH  SOLUTION  TO  FICK'S  LAW 
FOR  75*  RH  EXPOSURES 


TANH  SOLUTION 


F ■ 

TANH  [ 4 

(-51  ),/,l 

l i 

V 7 T ) J 

T(°F) 

R . H.  (%) 

D(cm*/s®c) 

100 

100 

1.09  x I0“» 

120 

100 

2.29  x I0“» 

140 

100 

7. 1 0 x I0“# 

160 

100 

1.25  x I0-* 

Ea  * 15.6  KCAL/MOLE 


58 


AFML-TR-76-153 


the  following  boundary  and  Initial  conditions  for  a plate  of  thickness,  h, 
are  used: 


C(x,  0)  - 

C(0,  t)  * C(h,  t)  » 


(16) 


where  Is  the  Initial  moisture  concentration  In  the  material  and  CB 
Is  the  ambient  moisture  concentration.  Classical  separation  of  variables 
In  conjunction  with  Equation  1 and  Equation  16  yields  the  following: 


e-ci 

vc, 


r 2 ? M 

L h2  J 


(17) 


The  total  weight  of  the  moisture  In  the  material  Is  given  by 

h 

M “ j Cdx 


Integration  of  Equation  18  gives 
M-M. 

C ■ ■■  ■ ■■  « ]■  - 

M -M,  1 2 


exp 


(2i+l)V(^) 

\h  /. 


• "'i  ff  l-l  (21  + 1) 


(18) 


(19) 


In  terms  of  percent  weight-gain  In  the  material,  M,  Equation  19  can  be 
written  In  the  form 

M ■ - M^)  + Mt  (20) 

where  the  M’s  are  as  previously  described.  For  most  problems  of  concern 
covergence  of  these  series  can  be  obtained  with  a maximum  of  ten  terms. 

This  series  treatment  was  applied  to  the  data  obtained  for  exposure 
at  1 60° F and  100*  RH.  The  predicted  values  of  M versus  yTusIng  both 
the  linear  and  the  hyperbolic  tangent  model  are  shown  In  Figure  35  along 
with  the  experimental  data.  As  can  be  seen,  at  values  of  M greater  than 


WEIGHT  GAIN  (%} 
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Figure  35,  Predicted  Epoxy  Moisture  Absorption  According  to  Different 
Solutions  of  Flck'i  Low 
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60*  of  Mm  the  linear  treatment  Is  no  longer  valid.  Both  the  hyperbolic 
tangent  and  series  treatments  give  predictions  very  close  to  the 
experimentally  measured  values. 

The  most  Important  results  to  be  gained  from  this  study  were  that 
the  absorption  and  diffusion  process  can  be  treated  using  Flck's  Second 
Law  and  that  good  representations  of  the  moisture  concentration  profiles 
or  gradients  within  the  epoxy  samples  can  be  determined. 

c.  Real-Life  Environmental  Exposures 

All  of  the  previous  results  and  discussions  were  concerned  with 
constant  temperature/humldlty  environments.  In  actual  usage  In  a 
real-world  environment  that  an  aircraft  would  see,  these  materials 
would  be  subjected  to  varying  environmental  excursions,  temperature 
In  particular.  To  simulate  this,  specimens  were  subjected  to  the  real- 
life  environmental  exposure  cycle  shown  In  Figure  8.  This  environmental 
cycle  was  developed  by  General  Dynamics  (Reference  10)  and  Is  considered 
to  be  an  environment  that  Is  representative  of  a typical  flight  profile 
for  a supersonic  aircraft.  Of  particular  concern  In  this  cycle  Is  the 
300° F thermal  spike  which  simulates  a supersonic  dash  maneuver.  The 
profile  in  general  simulates  the  aircraft  sitting  on  the  runway  (75°F/ 

76*  RH  and  RAIN),  flying  at  high  altitudes  (-65°F  or  -1 5° F)  and  then 
diving  In  on  a supersonic,  low  altitude  run  (temperature  to  300°F  In 
3 1/2  minutes). 

In  the  course  of  this  Investigation,  specimens  were  also  subjected 
to  the  constant  temperaturo/humldlty  conditions  of  the  real-life 
environment  (75')F/75*  RH)  and  to  all  other  phases  of  the  real-life  cycle 
except  for  the  cold  whose  effect  could  be  deduced  from  the  results  of  the 
other  phases.  The  results  of  the  exposures  to  these  conditions  (rain/ 
humidity/ thermal  spike/cold;  rain/ humidity/ thermal  splkei  humidity  only) 
aro  shown  In  Figure  36.  It  Is  quite  obvious  that  the  thermal  spike  has 
Increased  both  the  rate  and  amount  of  moisture  absorbed. 
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To  further  study  the  Influence  of  the  thermal-spike  on  the  weight- 
gain  process,  specimens  were  subjected  to  the  following  exposures: 

1.  Constant  temperature/ humidity  only  (160°F/100X  RH) 

2.  (1.)  + 1 dally  thermal -spike 

3.  (1.)  + 4 dally  thermal -spikes 

These  results  are  Illustrated  In  Figure  37.  It  Is  obvious  that  the 
weight-gains  are  proportional  to  the  number  of  thermal -spikes 
experienced  by  the  specimens.  These  two  figures  also  show  that  the 
thermal-spike  Is  the  single  most  Important  factor  In  this  environment 
causing  Increased  moisture  pick-up. 

d.  Absorption  Anomalies 

Various  anomalies  In  the  weight-gains  as  a function  of  time  were 
noted  during  this  Investigation.  Tha  data  shown  In  Flgura  37  for  the 
long  time  period  exhibit  Irregular  behavior.  Flgura  38  shows  similar 
walght-galn  vs,  tlma  plots  for  three  different  castings  with  all 
sptclmans  being  exposed  to  160°F/100X  RH  and  one  thermal-spike  dally. 
Once  the  weight-gains  exceed  the  data  become  quite  Irregular  with 
time.  Figure  39  shows  weight-gain  data  for  1 60°F/ 1 00%  RH  exposures 
only  (no  thermal -spikes),  where  for  the  long-term  data  points,  some 
"scatter"  Is  apparent  when  M(i  (5.6%)  is  exceeded. 

This  type  of  behavior  where  Irregular  weight-gains  are  observed 
when  the  values  exceed  the  values,  can  be  attributed  to  micro- 
cracking  In  the  specimens.  Scanning  electron  microscopy  (SEN)  was 
performed  on  specimens  which  had  been  given  the  exposures: 

1.  Constant  temperature/humidity  only  (1 60°F/1 00%  RH) 

2.  (1.)  + 1 dally  thermal-spike 

3.  (1.)  + 4 dally  thermal -spikes 
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f Therral -Spikes  on  the  Moisture  Absorption 
RH)  of  Several  Epoxy  Castings 


Figure  39.  Moisture  Absorption  for  Several  Epoxjr  Castings  - 160°F/100S  RH 
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The  weight-gains  for  each  of  these  were  5.6%,  6 and  7.4%  for 
exposures  1..  a.,  and  3,  respectively.  The  SEM  photographs  of  these 
specimens  are  shown  on  the  next  several  pages. 

No  cracks  w^re  apparent  for  type  one  exposures  (160  °F/100%  RH, 

'■  5.6%  water).  However,  as  shown  In  Figure  40,  some  material  Is  being 

I)  compressed  or  forced  out  of  the  surface  of  the  specimen  by  the  swelling 

i forces  of  the  absorbed  moisture.  Specimens  which  had  been  given 

f Exposure  2 (Exposure  1.  + 1 dally  thermal -spike,  6.756  water)  exhibited 

v cracking  around  these  compressed  regions  (Figure  41).  Figure  42,  for 

1 this  same  exposure,  shows  that  substantial  numbers  of  surface  cracks  are 

j present.  Specimens  which  had  been  given  Exposure  3 (Exposure  1.  + 4 

! dally  thermal -spikes,  7,4%  water)  exhibited  the  greatest  amount  of 

surface  cracking.  Figure  43  shows  that  the  compressed  material  has  given 
way  completely  to  cracks.  A close-up  of  this  region  Is  seen  In  Figure  44. 
Figure  45  Is  a general  surface  view  illustrating  the  degree  of  surface 
cracking. 

A specimen  from  Exposure  3 was  fractured  by  hand  and  the  two 
fracture  surfaces  were  mated  together  for  the  SEM  study.  A view  of  the 
two  surfaces  Is  shown  In  Figure  46  where  the  crack  depth  Is  on  the  order 
of  0.4  cm.  Figure  47  shows  a close-up  of  a crack  tip  where  the  presence 
of  fibrils  can  be  seen  at  the  base  of  the  classic  river  patterns  which 
are  associated  with  brittle  fracture.  These  fibrils  would  be  Indicative 
of  the  highly  plasticized  state  of  the  polymer  In  that  the  usually 
brittle  epoxy  has  undergone  sufficient  plastic  flow  during  fracture  to 
yield  fibrils.  Figure  48  shows  another  view  of  a fracture  surface 
around  a crack.  The  strlations  or  river  patterns  emanating  from  the 
mark  perimeter  are  classical  brittle  fracture  behavior  (Reference  29). 

Further  evidence  to  support  the  contention  that  weight-gains 
exceeding  the  equilibrium  amount  were  due  to  water  trapped  in  microcracks 
was  obtained  through  the  use  of  a Quantimet  720  equipped  with  an 
Epidiascope.  This  Instrument  optically  scars  the  surface  of  a specimen 
or  a photomicrograph  of  a specimen  and  can  yield  Information  such  as 
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Figure  40.  SEM  of  Epoxy  Specimen  after  Exposure  to  160°F/1005!  RH  - 
5.6X  Weight-Gain  (2000  X) 


Figure  41.  SEM  of  Epoxy  Specimen  after  Exposure  to  1 60° F/ 1 00%  RH/ 1 
Dally  Thermal -Spiko  - 6.7*.  Weight-Gain  (2000  X) 
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Figure  4?.  SEM  of  Epoxy  Specimen  after  Exposure  to  160°F/100X  RH/1 
Dally  I hernial -Spike  - 6.7*1  Weight-Gain  (600  X) 


Figure  43.  SEM  of  Epoxy  Specimen  after  Exposure  to  1 60° F/ 1 00%  RH 
Dolly  Thermal-Spikes  - 7.4't  Weight-Gain  (300  X) 
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Figure  44.  SEM  of  Epoxy  Specimen  after  Exposure  to  1 60° F/1 00%  RH/4 
Dally  Thermal-Spikes  - 7.4%  Weight-Gain  (3000  X) 


n 


Figure  47.  SEM  of  Fracture  Surface  of  Epoxy  Specimen  after  Exposure 
to  160°F/1007.  RH/4  Dally  Thermal -Spikes  - 7.4* 
Weight-Gain  (200  X) 


/ 
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Figure  48.  SEM  of  Fracture  Surface  of  Epoxy  Specimen  after  Exposure 
to  1 60° F/ 1 00%  RH/4  Dally  Thermal-Spikes  - 7.4% 
Weight-Gain  (80  X) 
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the  perimeter  or  surface  area  of  regions  of  differing  optical  contrast. 
Because  of  Insufficient  contrast  with  the  actual  specimens,  high 
contrast  photomicrographs  of  specimens  were  used  In  the  Epidiascope 
attachment.  Figure  49,  with  the  lesser  amount  of  cracks,  had  an 
associated  weight-gain  of  7.4%  while  Figure  50  had  a weight-gain  of  8.3%. 
The  Quantlmet  reading  on  the  7.4%  specimen  showed  surface  cracks 
accounted  for  4%  of  the  surface  area  while  the  8.3%  specimen  had  19.6% 
of  Its  surface  covered  with  cracks.  If  the  shapes  of  these  cracks  were 
loosely  assumed  to  be  rectangular  voids  then  one  could  crudely  estimate 
the  crack  volume  by  multiplying  the  surface  area  by  the  crack  depth. 

Using  the  crack  depth  of  0.4  cm  found  in  the  SEM  study,  crack  volumes 

■a  ri 

of  0.68  cm  and  3.34  cm  were  calculated  for  the  7.4%  and  8.3%  weight- 
gain  specimens,  respectively.  The  ratio  of  these  two  values  shows  that 
sufficient  cracks  and  fissures  are  present  to  account  for  the  additional 
amounts  of  water. 


It  was  also  observed  during  this  study  that  no  significant 
differences  In  weight-gains  between  the  spiked  and  nonsplked  specimens 
are  apparent  until  a weight-gain  on  the  order  of  1.5  to  2.0%  had  been 
attained.  This  can  be  seen  In  Figure  37  and  by  comparing  Figures  38 
and  39.  Uy  referring  to  the  Tg  versus  weight-gain  plot  In  Figure  60, 

It  can  be  seen  that  this  1.5  to  2.0%  weight-gain  coincides  with  a lowering 
of  the  resins  Tg  below  the  spiking  temperature.  In  other  words,  once 
the  plasticized  resin's  T is  below  the  spike  temperature  there  Is  a 


substantlallncrease  InTfte  rate  "of ' moisture  pTik-up  (Flours  37  fT 
This  Is  possible  because  the  lower  Tg  resin  Is  a "softer"  medium  for 
water  to  diffuse  tir.  ough  and  can  more  easily  deform  or  undergo  viscous 
flow  to  accomodate  the  water  than  Its  higher  Tg  counterpart.  It  Is  also 
likely  that  mlcrocrtjcklng  Is  occurring  simultaneously  with  the  Tg 
lowering  and  also  contributing  to  the  Increased  rate  of  moisture  pick-up. 


e.  Swelling 

Another  consequence  of  the  moisture  absorption  process  Is  that  the 
specimen  undergoes  swelling  to  accommodate  the  water.  Figure  51  shows  a 
plot  of  specimen  thickness  Increase  vs.  percent  water  absorbed. 
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For  the  case  of  humidity-only  exposures  ( 1 60°F/1 00%  RH)  the  thickness 
Increase  is  linear  with  absorbed  moisture  until  hi  (5.6X)  is  reached. 

Above  the  thickness  Increase  Is  greater  than  linearity  which  Is 
believed  to  be  the  consequence  of  crack  formation.. 

Data  are  also  shown  In  Figure  61  for  specimens  which  had  received 
one  dally  thermal-spike  In  addition  to  constant  temperature  and  humidity 
(160°F/100X  RH).  As  previously  noted,  once  the  weight-gain  reaches 
1.5  to  2. OX  the  spiked  specimens  show  Increased  moisture  weight-gains. 

In  the  same  weight-gain  range,  thermal -spiked  specimens  also  exhibit  a 
substantially  larger  rate  of  thickness  increase.  These  very  large 
Increases  In  thickness  to  lovels  significantly  higher  than  those  for 
humidity  only,  levels,  Is  due  to  microcracking  as  previously  discussed. 
To  further  Illustrate,  specimens  which  had  Increased  In  thickness  by 
4 . 5%  at  a weight-gain  of  8.4X  wore  dried  at  200DF  under  vacuum  to  constant 
weight.  After  drying,  these  specimens  still  had  a residual  thickness 
Increase  of  1 .75%,  which  can  be  attributed  to  cracks  and  fissures  In  the 
specimen. 

The  effects  of  both  the  constant  temperature/ humidity  environment 
and  the  thermal-spike  environment  on  various  mechanical  properties  will 
be  discussed  In  the  next  section.  To  sum  up  the  results  of  this  phase 
of  the  Investigation,  the  following  have  been  determined: 

1)  The  moisture  absorption  and  transmission  can  be  treated 
according  to  Flck's  Second  Law. 

2)  An  accurate  picture  of  the  moisture  concentration  profile 
within  the  material  can  be  determined, 

3)  As  a result  of  the  moisture  concentration  gradients,  stress 
gradients  will  be  present  through  the  thickness  of  the  material. 

4)  Real-life  environments  dramatically  affect  the  moisture 
pick-up  process. 
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5)  The  thermal -spike  in  the  real-life  cycle  Is  the  most  important 
factor  causing  increased  moisture  pick-up. 

6)  Weight-gains  exceeding  the  equilibrium  amounts  can  be  attributed 
to  mlcrocracklng  of  the  resin. 

7)  Increased  weight-gains  due  to  thermal -sr king  occur  when  the 
Tg  of  the  system  Is  below  the  spike  temperature. 

8)  There  Is  a concurrent  swelling  due  to  moisture  absorption. 

9)  Thermal -spikes  accelerate  the  mlcrocracklng  and  swelling 
prccesses. 

3.  GLASS  TRANSITION  TEMPERATURE  STUDIES 
a.  Background 

The  glass  transition  temperature,  Tgl  Is  one  of  the  most  Important 
characteristic  parameters  of  amorphous  polymers  such  as  the  epoxies. 

Below  Tg  the  polymer  behaves  like  a "glassy"  solid  (e.g.,  high  modulus) 
and  above  T it  behaves  like  a "rubbery"  material  (e.g.,  relatively  low 
modulus).  In  other  words,  Tfl  represents  a temperature  where  the  polymer 
Is  undergoing  a significant,  rapid  change  In  physical  properties.  In 
actuality,  the  Tg  occurs  over  a narrow  temperature  range  of  about 
10-20"F  rather  than  at  a sharp  temperature  such  as  might  be  associated 
with  the  melting  of  Ice. 

Qno  method  of  determining  Tg  is  to  examine  the  relaxation  modulus 

(Er)  behavior  of  the  polymer,  The  modulus  vs.  temperature  curve  shown 

In  Figure  52  Is  typical  for  a viscoelastic,  cross-linked  amorphous 

polymer.  At  lower  temperatures,  Region  (1),  the  polymer  exhibits 

mechanical  behavior  described  as  "glassy"  and  Is  hard  and  brittle  with 

1 0 ? 

E„  being  on  the  order  of  10  dynes/cm  . At  higher  temperatures,  In 
Region  (2),  the  transition  region,  the  modulus  varies  between  10  and 

i p 

10  dynes/cm  . The  physical  properties  In  Region  (2)  are  described 
as  "leathery".  At  still  higher  temperatures,  Region  (3),  the  polymer's 
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Figure  52.  Modulus  vs.  Temperature  Curve  for  Typical  Visco- 
Elastic  Cross-Linked  Amorphous  Polymer 
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modulus  remains  constant,  about  10  dynes/cm  . This  region  Is  termed  the 
rubbery  plateau  and  the  physical  properties  of  the  polymer  are 
described  as  "rubbery"  In  this  region. 

The  Tg  Is  obtained  from  the  modulus  vs.  temperature  curves  by 
extrapolating  the  linear  parts  of  the  glassy  region  and  transition 
region  moduli  as  shown  In  Figure  52.  The  point  of  Intersection  Is  taken 
as  the  Tg. 

There  are  several  other  methods  of  determining  Tg.  One  method 
entails  measuring  the  specific  volume,  of  the  polymer  as  a function 
of  temperature.  Such  measurements  yield  plots  similar  to  the  one  shown 
In  Figure  53.  The  temperature  at  which  the  break  In  the  curve  occurs 
Is  defined  as  the  Tg.  Below  Tg  the  free  volume  (total  macroscopic 
volume  less  the  molecular  volume  of  the  polymer  molecules)  of  the 
polymer  Is  relatively  small  and  the  polymer  segments  of  the  molecules 
are  only  capable  of  local  type  motions.  Above  Tg  there  Is  an  Increase 
In  the  free  volume  with  the  result  that  the  polymer  molecules  are 
capable  of  long-range  type  motions. 

There  are  several  factors  which  can  affect  the  Tg  of  a polymer, 
but  the  one  of  prime  Interest  Is  associated  with  changes  arising  from 
the  absorption  of  water  Into  the  cured  epoxy  structure.  It  Is  an 
accepted  theory  (Reference  18)  that  at  and  below  the  T , 1/40  of  the 
total  volume  of  the  material  Is  froe  volume  (total  volume  less  molecular 
volume).  If  this  Is  true,  then  the  Tg  can  be  altered  by  changing  the 
polymer's  free  volume  at  a given  temperature.  If  a polymer  were  mixed 
with  a miscible  liquid  that  contains  more  free  volume  than  the  pure 
polymer,  then  the  Tg  will  be  lowered.  In  particular,  If  It  Is  further 
assumed  that  the  free  volumes  are  additive,  then  the  polymer-diluent 
mixture  will  contain  more  free  volume  at  a given  temperature  than  would 
the  polymer  alone.  As  a result,  plastlclted  polymers  must  be  cooli'r  -o 
a lower  temperature  In  order  to  reduce  their  free  volume  to  1/40  of 
the  total  volume  of  the  polymer-diluent  combination.  This  Is  the  process 
which  Is  proposed  fti  occur  when  moisture  Is  absorbed  Into  an  epoxy  resin. 
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Based  on  the  above  assumptions,  Bueche  and  Kelley  (Reference  30) 
derived  the  following  expression  for  the  Tg  of  a plasticised  system 
(polymer  + diluent): 


a V t 
_P-J_SI L 


V1 


vil 


a V 
P P 


V1^  v 


(21) 


where, 

Tgp  ■ Tg  of  the  polymer 
Tgd  ■ Tg  of  the  diluent 
a * polymer  expansion  coefficient 

r 

= diluent  expansion  coefficient 
Vp  ■ volume  fraction  of  polymer 

In  terms  of  the  percent  weight-gain  In  the  polymer,  M, 

vp  t:  ~lT7^“f(oTo  if <iY  (22) 

where  pp  and  are  the  densities  of  the  polymer  and  diluent,  respectively. 

b.  Experimental 

Several  experimental  techniques  were  considered  for  performing  the 
Tg  measurements  with  one  of  the  most  Important  criterion  being  that  those 
specimens  evaluated  after  moisture  absorption  not  be  "dried-out"  by  the 
test.  For  this  reason,  techniques  such  as  differential  scanning 
calorimetry  (DSC)  and  thermomechanical  analysis  (TMA)  which  use  very 
small  samples  were  ruled  out..  The  technique  which  was  selected  for 
making  Tg  measurements  was  the  heat  distortion  temperature  (HDT ) test. 

This  test  Is  diagrammatical ly  Illustrated  In  Figure  54.  A stress 
of  264  psl  Is  applied  to  a specimen  measuring  5.0  In.  long  by  0.5  in.  thick 


82 


AFML-TR-76-1 53 


LOAD 


OIL  BATH 

\ 

\ 

TEST 

SPECIMEN 

J 

/ 

To.S  In. 

\ r 

Figure  54.  Diagram  of  HDT  Test  Apparatus 
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hy  0.125  in.  wide.  A constant  heat-up  rate  of  2°C  per  minute  Is 
maintained.  The  large  size  of  the  specimen  and  the  presence  of  the  oil 
bath  were  expected  to  minimize  water  loss  during  testing.  This  was 

confirmed  by  post-test  measurements  which  yielded  weight  losses  less 
than  10%  of  pre-test  water  weight-gain. 

Measurements  were  made  of  temperature  and  specimen  deflection  for 
various  water  weight-gains  (W.G.)  during  this  test  and  these  data  are 
plotted  to  yield  the  type  of  plot  shown  in  Figure  55.  The  curve  Is 
analogous  to  those  for  V vs.  T and  Er  vs.  T.  The  point  at  which  the 
extrapolations  of  the  linear  portions  of  the  two  regions  of  the  curve 
Intersect  Is  taken  as  the  Tg.  The  HOT  procedure  yielded  Tg's  Identical 
to  those  obtained  using  the  TMA  and  DSC  technique  for  "dry"  control 
specimens.  Individual  HDT  curves  for  the  various  environmental  exposure 
conditions  are  shown  In  Appendix  A. 

c.  Results  and  Discussion 

The  effect  of  moisture  on  the  Tg  of  this  epoxy  resin  can  be  seen  by 
referring  to  the  HDT  curves  In  Appendix  A.  A dry,  control  Tg  of 
177°C  (3E0°F)  was  determined.  With  increasing  moisture  absorption  there 
Is  a proportional  shift  In  Tg  to  lower  values.  This  behavior  Is 
Illustrated  in  Figure  56  for  dry,  3%  and  5.7%  weight-gain  specimens 
after  160°F/100%  RH  exposures.  Figure  57  shows  curves  for  dry,  3.16% 
and  4.32%  weight-gain  specimens  after  180°F/75%  RH  exposures.  The  Tg 
values  from  these  HDT  curves  were  plotted  as  a function  of  weight 
percent  water  content  for  absorption  at  100%  RH  (Figure  58)  and  75%  RH 
(Figure  69).  There  Is  a gradual  lowering  of  Tg  until  the  equilibrium 
moisture  content  associated  with  the  particular  humidity  condition  Is 
reached,  whereupon  there  Is  no  further  lowering  of  the  Tg.  This  is 
further  evidence  to  support  the  contention  that  microcracking  Is 
responsible  for  weight-gains  greater  than  equilibrium  values.  If  the 
additional  water  were  being  physically  absorbed  there  would  have  been 
a further  decrease  In  T . 
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It  is  worthwhile  to  note  that  when  measurements  are  being  made  of 
Tg  vs.  water  weight-gains,  no'unlform  moisture  distributions  will  be 
present  in  the  specimens  until  an  equilibrium  moisture  content  is 

achieved.  These  nonuniformities  would  Influence  the  experimental  results 
in  a manner  dependent  on  the  particular  experimental  technique  being 
employed.  Therefore,  to  meaningfully  a~oly  a quantitative  ; elationshlp 
such  as  that  of  Bueche  and  Kelley,  it  is  Important  to  have  a uniform, 
equilibrium  distribution  of  moisture  In  the  test  specimens. 

The  Tg  values  for  equilibrium  moisture  contents  were  combined  to 
produce  a plot  of  vs.  equilibrium  weight  percent  water  (Figure  60). 

As  noted,  when  the  condition  of  equilibrium  distribution  of  diluent  is 
achieved,  one  can  apply  the  Bueche-Kelley  relationship  (Equation  21)  to 
arrive  at  a theoretical  prediction  of  the  effect  of  absorbed  moisture 
on  the  Tg  of  the  polymer.  The  theoretical  curve,  shown  1i  Figure  60  for 
comparison  with  the  experimental  data  points,  was  derived  from  the 
following  parameters: 

«p  - 3.78  x 10‘ 4/°C 

ad  « 4 x 10‘3/°C,  Tg(J  - 4°C 

pp  ■ 1.28  g/cm3,  pd  » 1.0  g/cm3 

The  75%  RH  and  100%  RH  data  points  for  the  effect  of  equilibrium 
moisture  absorption  on  Tg  are  In  accord  with  the  Bneche  Ke. !oy  relationship. 

A plot  of  Tg  vs.  moisture  weight-gain  was  also  made  for  specimens 
which  had  received  a dally  thermal-spike  1:  addition  to  exposure  to 
160°F  and  100%  RH  (Figures  61  and  62).  The  behavior  observed  Is  quite 
similar  to  that  for  the  constant  160°F/I00%  condition.  This  Indicates 
that  the  thermal-spike  Is  not  generating  any  effects  on  the  T In 
addition  to  those  observed  for  the  humidity  only  condition.  The 
exceptionally  large  weight-gains  of  these  tests  can  be  attributed  to 
microcracking  as  was  previously  discussed.  The  presence  of  tnlcrocracks 
would  not  alter  the  Tg  of  the  resin  but  could  Influence  the  results 
of  the  particular  test  method. 
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The  results  of  this  phase  of  the  Investigation  indicate  that  among 
its  possible  deleterious  effects,  water  behaves  as  a classical  plasticizer, 
i.e.,  It  lowers  the  Tg  of  the  epoxy  as  a function  of  the  amount  absorbed. 
This  phenomenon  would  also  manifest  Itself  in  other  concurrent  ef'  .s 
such  as  ^welling  (see  discussion  In  diffusion  section)  and  shifting  the 
Er  curves  to  lower  temperatures  (Figure  52)  or,  equivalently,  to  shorter 
times  since  the  polymer  is  viscoelastic.  Changes  in  Tg  would  also 
result  In  changes  In  any  other  time-temperature  dependent  mechanical 
properties  such  as  those  determined  in  constant  strain  rate  tensile 
testing  which  will  be  discussed  In  the  next  section. 

4.  STRESS-STRAIN  STUDIES 

This  section  will  consider  the  stress-strain  behavior  of  the  resin 
material  under  conventional  constant  strain-rate  and  dynamic  conditions 
as  well  as  stresses  which  are  induced  as  a result  of  moisture  gradients, 
combined  moisture-temperature  gradients,  or  further  chemical  reaction 
In  the  resin. 

a.  Tensile  Tests 

The  first,  series  of  tests  performed  war'  tensile  moduli  deter- 
minations. These  were  done  to  determine  the  effect  of  absorbed  moisture 
on  the  stress-strain  behavior  of  the  matrix.  Both  constant  strain-rate 
and  dynamic  mechanical  measurements  were  made. 

Constant  strain-rate  tests  were  performed  using  "dog-boned"  tensile 
specimens  (Figure  63).  Tests  were  run  on  a conventional  Instron  Test 
Machine  using  a strain-rate  of  0.05  Inches  per  minute. 


Figure  63.  Constant  Strain-Rate  Tensile  Test  Coupon 
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Tests  were  performed  at  RT,  ZOO,  250,  and  300"F  with  elongation  being 
measured  with  a 1-inch  gage-length  extensometer . The  results  of  the 
dry  control  tests  ire  shown  in  Figure  64.  Thera  is  a slight  decrease  in 
modulus  and  a concurrent  slight  Increase  in  elongation  as  the  temperature 
is  raised.  The  curves  shown  in  Figure  65  were  obtained  after  an 
equilibrium  weight-gain  was  achieved  In  a 100%  RH  environment.  The 
effect  of  moisture  Is  extremely  dramatic.  At  300°F  the  moisture- 
exposed  polymer  has  become  extremely  ductile  with  an  elongation  of 
over  20%.  This  compares  to  the  dry  polymer  strain  of  3.3%  at  300°F. 

This  Is  classical  behavior  for  a plasticized  polymer  as  was  shown  in 
Figure  52.  The  presence  of  a low  molecular  weight  plasticizer  reduces 
the  Tg  and  results  In  a softer,  more  ductile  matrix  at  temperatures 
lower  than  those  of  the  dry  polymer. 

To  further  Illustrate  the  plasticization  phenomenon,  stress 
relaxation  curves  were  prepared  from  the  constant  strain  rate  tensile 
tests.  Figure  66  shows  the  typical  relaxation  behavior  at  various 
temperatures  for  the  dry  polymer.  Figure  67  shows  the  relaxation 
behavior  at  the  same  temperatures  for  wet  (equilibrium  weight-gain) 
specimens.  Using  linear  superpositioning  (Reference  18),  stress 
relaxation  master  curves  were  prepared  for  both  wet  and  dry  tests  as 
shown  In  Figure  68.  The  dramatic  plasticization  effect  of  water  Is 
clearly  evident. ""The  presence  of  the  plasticizer  has  shifted  the 
curves  to  smaller  times. 

Consider  a reduced  value  of  a response  function  at  some  temperature  T 
and  also  at  a reference  temperature  T . The  ratio  of  the  time  to  attain 
the  specified  value  of  the  response  at  temperature  T to  the  time 
required  at  reference  temperature  Tq  is  the  shift  factor  a^  for  any 
given  temperature  T (Figure  69).  Time  and  temperature  (or  equivalently, 
plasticization)  affect  the  viscoelastic  response  of  the  polymer  only 
through  the  product  of  a^  and  actual  time.  The  relationship 
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Figure  66.  Relaxation  Hcdulus  as  a Function  of  Temperature  for  Pry 
Control  Specimens 
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Figure  67.  Relaxation  Modulus  as  a Function  of  Temperature  for  Wet 
(Equilibrium  Weight-Gain)  Specimens 
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between  the  shift,  factor  and  temperature  Is  given  by  the  Williams- 
Landel-Ferry  (WLF)  (Equation  31): 

C j (T-Tri 

Log  nT  c + (T-T  ) ^ 

2 r 

where  and  C2  are  constants  and  Tr  Is  a reference  temperature  specific 
to  a given  polymer, 

A shift  factor,  a^,  for  the  displacement  of  the  modulus  curves  to 
lower  times  due  to  plasticization  by  water  was  determined  from  the 
master  curves  in  Figure  68,  A value  of  ten  wes  thus  determined,  which 
means  that  the  same  response  will  be  exhibited  ten  times  faster  by  the 
"wet"  specimen  than  the  "dry"  specimen. 

Dynamic  mechanical  measurements  were  performed  on  a Rheovlbron 
Dynamic  Vlscoelastometer.  A film  sample  measuring  approximately 
0.125  In.  x 2.0  In.  x 0.008  In.  was  subjected  to  an  oscillating  load 
(11  cps)  while  being  heated  from  -150'  to  +250°C  at  a constant  heating 
rate  of  3°C  per  minute. 

Dynamic  (oscillatory)  measurements  give  rise  to  dynamic  moduli 
which  are  complex  numbers.  In  this  case,  the  complex  modulus  E*  Is 
given  by 

E*  « E'  + I 12”  (24) 

where  E'  and  E"  are  the  real  (elastic  or  storage)  and  Imaginary 
(viscous  or  loss)  parts  respectively  of  the  complex  modulus,  E*.  The 
mechanical  loss  tangent,  tan  <5,  is  defined  by  the  equation 

tan  6 ■ E"  / E'  (25) 

The  Importance  of  there  quantities  lies  In  the  fact  that  tan  6 
reaches  a maximum  In  the  vicinity  of  a transition  temperature  where 
Important  physical  changes  are  taking  place  in  the  resin.  Thr  real 
modulus,  E',  Is  Important  from  a design  standpoint  since  it  gives  an 
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Indication  of  the  temperature  range  where  the  material  exhibits  useful 
load-bearing  capability.  In  a region  of  a glass  transition,  the  modulus 
may  change  by  as  much  as  a factor  of  a hundred.  In  addition,  the  loss 
modulus,  E",  maximizes  In  the  same  range  as  does  tan  6.  Any  plasticization 
effects  or  other  physical  effects  should  be  observable  by  following 
changes  in  these  parameters. 

The  results  obtained  on  "dry"  control  samples  are  shown  in 
Figures  70  and  71  for  the  tan  d and  moduli,  respectively.  There  Is  a 
low  temperature  transition  at  -60°C  and  the  Tg  is  at  170°C.  The  low 
temperature  transition  has  been  attributed  (Reference  32)  to  motions  of 
glycldyl  groups  In  the  epoxy  molecule.  The  presence  of  additional 
hydrogen  bonding  or  the  occurrence  of  additional  cure  or  reaction  in  the 
plasticized  state  could  shift  this  transition  to  higher  temperatures. 

Figures  72  and  73  show  the  tan  6 and  moduli  data  respectively  for  a 
specimen  that  was  exposed  until  It  reached  an  equilibrium  weight-gain  at 
1 60° F/ 1 0OX  RH  and  was  then  dried  to  zero  weight  loss  in  a vacuum  oven 
at  200“F.  The  maximum  in  the  low  temperature  tan  & value  was  shifted  to 
-30°C  while  the  Tg  was  raised  to  about  180°C.  There  was  also  a slight 
Increase  in  the  storage  modulus.  These  results  indicate  that  further 
reaction  (cure  or  cross-linking)  had  taken  place  In  the  wet,  plasticized 
sample.  The  physical  concept  for  this  occurrence  Is  as  follows.  The 
Tg  of  a cross-linked  epoxy  Is  proportional  to  the  degree  of  cross-linking 
which,  in  turn,  Is  a function  of  cure  temperature  and  time.  Raising 
the  cure  temperature  provides  the  unreacted  end  groups  with  sufficient 
mobility  for  further  reaction  to  take  place  resulting  in  additional 
cross-linking  and,  In  turn,  a higher  Tg  and  storage  modulus.  In  a 
similar  manner,  the  presence  of  water  In  the  plasticized  resin  would 
exert  a solvent  or  dilution  effect  that  cou^d  provide  sufficient 
mobility  to  the  end  groups  so  that  further  cure  or  cross-linking  could 
take  place  at  a lower  temperature  than  the  cure  temperature. 
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Figure  70.  Tan  6 vs.  Temperature  for  Dry,  Control  Sample 


>1 


i 


AFH.-TR-76-153 


* J 


I 

l 


mJk 


5i— 

“ 1M.00 


“*t ■‘■i-—* -t-~  — — f-  — — — —y—— 

■103.00  -70.00  00,00  MU, CO  770.00 

TEHFERMURE  IN  DECREES  CENT  1 GRfitJE 


300,00 


Plguro  71.  Storage  Modulu*  (£')  ant)  Lot*  Mndulu*  (F.")  vs, 
Temperature  for  Dry,  Control  Sample 
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figure  73.  Storage  Modulus  (E1)  anti  Lons  Modulus  (E")  vs,  Temperature 
for  Specimen  Exposed  to  Equilibrium  Weight-Gain  and 
thon  Pried 
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b.  N.-'a*'  Infrared  Studies 

Additional  evidence  for  this  "further  reaction  concept"  was  obtained 
through  a study  of  the  near  infrared  ( IR ) spectra  of  epoxy  film  samples. 
The  near  IR  region  (0.6-2. 5p)  is  particularly  suitable  for  studying 
epoxy  films.  In  the  conventional  IR  region  (2~15p)  It  Is  usually 
necessary  to  employ  elaborate  preparation  methods  with  very  thin 
(<0.5  mil)  films  to  get  sufficient  transmission  of  IR  radiation  to  have 
interpretable  spectra.  Otherwise,  it  Is  necessary  to  use  an  internal 
reflectance  technique.  In  the  near  IR  region  one  can  use  specimens 
varying  from  1 to  125  mils  in  thickness  and  get  very  useable  spectra. 

The  major  absorption  peak  for  a-epoxides  Is  located  at  2.2p  and 
was  first  reported  by  Goddu  and  Delker  (Reference  33).  The  applicability 
of  this  peak,  as  well  as  other  peaks  in  the  near  IR  region,  to  the  study 
of  epoxy  resins  was  subsequently  described  by  Dunneriberg  (Reference  34). 

A typical  spectrum  for  an  as-fabricated,  control  sample  Is  shown 
in  Figure  74.  The  peaks  of  major  Importance  are: 


1 . 43p 

- OH 

1 . 50p 

• NH 

1 .91  p 

- OH  (Water) 

2.20  u 

a-  epoxide 

2.43m 

- CH  ( Aroma ti 

No  attempt  will  be  made  to  apply  specific  assignments  to  these  absorptions. 
They  will  be  discussed  In  general  terms  as  regards  the  chemical  changes 
taking  place  during  the  epoxy  cure. 

Figure  75  shows  several  spectra  for  this  epoxy  as  a function  of 
extent  of  cure.  The  peak  associated  with  the  epoxide  functionality 
progressively  decreases  in  Intensity  as  the  epoxide  ring  is  attacked  by 
the  amine  curing  agent.  Simultaneously,  because  of  the  reaction  of  the 
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curing  agent,  the  -NH  absorption  gradually  decreases  with  Increasing 
extent  of  cure.  The  -OH  generated  by  the  epoxy  ring  opening  (1.43p) 
gradually  increases  with  Increasing  degree  of  cure.  Therefore,  as 
shown  by  the  spectra,  further  cure  Is  associated  with:  a decrease  in 
epoxide;  an  Increase  In  -OH;  and  a decrease  In  -NH. 

Also  shown  In  Figure  74  Is  the  spectrum  of  the  same  control  sample 
after  exposure  to  a 300°F/underwater  environment  for  one  hour.  The 
small  epoxide  peak  has  disappeared  completely,  the  -OH  peak  ( 1 . 43y) 
Increased  In  Intensity,  and  the  -NH  peak  decreased  slightly.  Also 
strikingly  evident  Is  the  large  pea’(  associated  with  water  (1.91m). 

It  was  observed  during  this  study  that  the  absorption  at  1 . 91 y Is  a 
very  useful  Indicator  far  following  moisture  absorption  and  desorption 
and  therefore  could  be  used  quite  easily  as  a quality  assurance  tool. 

IR  spectra  were  also  taken  over  the  conventional  IR  region  ( 2-1 5y ) for 
both  the  control  and  exposed  specimens  with  no  detectable  differences 
being  found. 

Although  the  spectra  Indicate  that  additional  chemical  reaction  Is 
taking  place,  It  Is  not  clear  whether  additional  cure  Is  taking  place  or 
the  epoxide  Is  undergoing  hydrolysis  to  a dlol.  Therefore,  a series  of 
tests  were  performed  In  which  the  rubbery  modulus  was  measured  on 
control  specimens  and  specimens  exposed  to  the  300°F/underwater 
environment  for  one  hour. 

It  was  found  that  the  control  specimens  had  an  average  rubbery 
modulus  of  2,400  psl  while  the  300°F/underwater  exposed  specimens  had 
an  average  rubbery  modulus  of  2,950  psl.  This  Increase  in  rubbery 
modulus  can  only  occur  as  a result  of  Increased  cross-linking  or  further 
cure. 


This  additional  cure  phenomenon  can  have  several  ramifications. 
For  one,  It  could  alter  the  absorption-desorption  process  since  the 
diffusion  medium  Is  changing.  Secondly,  it  could  lead  to  localized 
regions  of  stress  concentration  where  flaws  could  form  and  grow. 
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This  is  because  most  bonds  are  e’ongated  or  stressed  in  a moisture- 
tempera  ture-s tress  environment.  Any  new  bonds  forming  as  a result  of 
additional  cure  will  be  in  a non-stressed,  equilibrium  conformation. 

When  the  temperature  is  lowered,  humidity  reduced,  and  stress  removed, 
most  of  the  bonds  will  resume  their  unstressed,  equilibrium  conformations 
with  the  result  that  the  newly  formed  bonds  are  now  placed  under  stress. 
Because  of  their  low  concentration,  they  will  be  prime  sites  for  bond 
breakage  which  could  lead  to  microcrackirig. 

c.  Environmentally  Induced  Stresses 

In  a category  which  might  be  labeled  "environmentally  Induced 
stresses"  are  those  stresses  generated  by  the  absorption  of  water  and 
concurrent  specimen  swelling.  The  specimen's  resistance  to  this 
swelling  leads  to  the  development  of  compressive  stresses.  In  the 
diffusion  process,  a concentration  gradient  of  moisture  In  the  epoxy 
plate  exists  In  the  manner  shown  In  Figure  76  where  *1  anu  Mw  represent 
the  Initial  (dry)  and  equilibrium  moisture  contents,  respectively.  The 
surface  is  at  while  the  core  Is  nearly  dry  early  in  the  diffusion 
process.  Therefore,  compressive  stresses  (-a)  will  be  greatest  at  the 
surface.  These  will  be  balanced  by  biaxial  tensile  stresses  (+a)  In 
the  core  of  the  material  (Reference  35).  For  a constant  temperature  and 
humidity  exposure  the  moisture  gradient  and  corresponding  stress  state 
would  have  the  appearance  shown  in  Figure  76.  Inis  condition  will  change 
with  time  as  the  interior  moisture  concentration  approaches  Mu. 

Therefore,  in  the  case  of  a constant  humidity/temperature  exposure  there 
will  be  a stress  field  associated  with  the  moisture  gradient  and  this 
stress  field  will  change  as  the  moisture  gradient  changes. 

For  the  case  of  the  thermal-spike  environment  (Figure  8),  the 
moisture  gradient  will  now  be  accompanied  by  a thermal  gradient. 

Because  of  this  we  will  have  to  arrive  at  some  net  stress  condition 
resulting  from  the  linear  superposition  of  the  stresses  for  each  type 
of  gradient.  For  simplicity,  It  is  assumed  that  each  phenomenon  is 
acting  independently,  that  thermal  diffusion  is  of  greater  magnitude 
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than  moisture  diffusion,  and  the  magnitudes  of  the  moisture-induced  and 
temperature- Induced  stresses  are  of  the  same  order. 

The  different  gradients,  corresponding  stress  states,  and  net, 
combined  stress  states  are  shown  In  Figure  76  for  the  thermal -spike/ 
humidity  environment.  As  can  be  seen,  the  specimen  at  room  temperature 
In  the  humidity  only  condition  has  compressive  stresses  at  the  surface 
and  tensile  stresses  In  the  core.  The  thermal -spike  then  produces  a 
combined  stress  state  wherein  the  surface  compressive  stresses  are 
reduced  and  the  remaining  stress  field  has  the  same  profile  but  Is  of 
different  magnitude  than  the  room  temperature  condition.  The  rapid 
cool  down  to  room  temperature  results  In  a large  tensile  stress  localized 
near  the  surface,  balanced  by  a compressive  stress  through  the  center  of 
the  specimen.  Therefore,  the  humidity/thermal -spike  environment  causes 
the  specimen  to  be  cycled  compression  to  tension.  No  attempt  Is  made 
here  to  place  actual  values  on  the  stresses  or  to  specify  actual 
gredlents.  The  purpose  Is  to  point  out  that  gradients  do  exist  (both 
moisture  and  thermal)  and  as  a result  corresponding  stress  states  are 
Imposed  on  the  specimen.  Whether  or  not  mlcrocracks  could  be  formed 
and  propagated  as  a result  of  these  stresses  will  depend  on  both  the 
magnitude  of  the  stresses  and  number  of  times  Imposed. 

5.  CREEP  STUDIES 

a.  Background 

The  creep  behavior  of  a polymeric  material  Is  studied  by  subjecting 
a sample  to  a constant  stress  and  recording  the  resultant  time -dependent 
strain  over  a glvon  period  of  time.  A typical  creep  curve  for  a cross- 
linked  rubber  Is  shown  In  Figure  77  (Reference  18).  The  creep  behavior 
of  a viscoelastic  polymeric  material  Is  very  analogous  to  its  relaxation 
behavior  which  was  Illustrated  with  the  relaxation  modulus  vs.  temperature 
plot  shown  In  Figure  52. 

Whon  a cross-linked  rubber  Is  subjected  to  a tensile  stress,  It  will 
progressively  elongate  until  an  equilibrium  extension  Is  reached. 
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For  the  rubber  to  elongate  it  is  necessary  for  the  various  polymer  chains 
between  cross-links  to  elongate  by  displacement  of  their  segments 
throuyh  a matrix  of  surrounding  chain  segments.  Therefore,  each  segment 
will  experience  frictional  retardetion  forces  from  other  segments. 

Because  of  this,  the  attainment  of  the  equilibrium  elongation  is  a time- 
dependent  phenomenon.  However,  various  external  forces  can  alter  this 
time  dependency.  Increasing  the  temperature  will  lower  the  retardation 
forces  and  shorten  the  elongation  time  (Figure  77).  Similarly,  the 
addition  of  a plasticizer  will  allow  the  elongation  rate  to  be  Increased. 
This  type  of  time-temperature  behavior  typifies  viscoelastic  materials. 

If  the  polymer  is  undergoing  creep  at  a temperature  above  its  Tg, 
the  equilibrium  elongation  will  be  reached  at  the  so-called  rubbery 
plateau  which  was  previously  discussed.  For  a cross-linked  system 
such  as  the  epoxy  resin  or  a rubber,  no  further  elongation  should  be 
observed  once  the  rubbery  plateau  Is  achieved  because  the  load  bearing 
polymer  chains  between  cross-links  are  fully  extended.  Because  of  this 
characteristic  behavior  of  cross-linked  systems  during  creep,  this  type 
of  test  is  capable  of  yielding  considerable  Insight  as  to  the  mechanisms 
of  property  loss. 

Consider  Tobol  sky's  work  (Reference  19)  on  chemical  stress 
relaxation  in  cross-linked  rubber  networks.  Stress  relaxation  tests 
performed  at  temperatures  where  the  material  was  in  its  rubbery  state 
showed  that  these  rubbers  exhibit  a fairly  rapid  decay  to  zero  stress  at 
constant,  extension  (Figure  78).  Since  in  principle,  a cross-linked 
rubber  network  In  the  rubbery  region  should  snow  little  stress  relaxation, 
the  behavior  was  attributod  to  a chemical  rupture  of  the  cross-linked 
network.  Specifically,  the  chemical  rupture  was  found  to  be  due  to  the 
attack  of  the  polymer  chains  by  molecular  oxygen.  A series  of  tests 
were  performed  In  both  air  and  Inert  atmospheres  to  Illustrate  this 
phenomenon  (Figure  79).  Using  this  type  of  testing  it  was  also  possible 
to  demonstrate  the  effect  of  temperature  on  the  chemical  stress  decay 
as  shown  In  Figure  80.  In  short,  these  types  of  tests  such  as  creep 
extension  tests  where  one  is  operating  In  the  rubbery  region  give 
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Figure  80.  Stress-Relaxation  Behavior  of  a Cross-Linked  Fubber 
as  a Function  of  Temperature  (Reference  19) 
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very  meaningful  .iechon1st4c  Information.  In  the  case  of  a cross-linked 
rubber  where  a truly  homogeneous,  infinite,  cross-linked  network  Is 
present,  the  continued  elongation  of  a sample  beyond  its  rubbery 
extension  can  only  be  due  to  chain  scission  processes  arid  vice  versa, 
l.e,,  chain  scission  processes  will  result  in  additional  elongation 
beyond  that  of  the  rubbery  plateau* 

These  types  of  tests  {creep  or  stress  relaxation)  can  also  yield 
Information  as  to  other  possible  failure  mechanisms.  In  the  case  of  a 
creep  test,  once  the  rubbery  elongation  Is  reached,  In  principle  the 
specimen  should  be  capable  of  remaining  In  that  condition  indefinitely  If 
no  chain  scission  Is  taking  place.  However,  because  of  the  formation 
and  growth  of  microcracks,  cavities,  or  other  flaws  or  Imperfections 
while  In  this  stressed/elongated  state,  rupture  takes  place  as  a function 
of  time,  and  therefore,  tlme-to-rupture  becomes  a very  meaningful 
parameter. 

Consider  the  rupture  process  Itself.  The  first  phase  of  the 
rupture  process  Involves  the  development  of  cracks  which  can  be  either 
stress-induced  or  possibly  pre-existent.  All  materials  contain,  or 
develop  under  stress,  inhomogeneities  that  give  regions  of  stress 
concentration.  These  regions  of  stress  concentration  are  prime  sites 
for  the  formation  of  cracks  or  cavities. 

In  considering  the  growth  of  a crack  in  a material  which  exhibits 
Griffith  flaw  behavior  the  Griffith  Crack  Theory  Is  employed.  When  the 
stress  near  a crack  tip  reaches  the  cohesive  strength  of  the  material, 
the  crack  will  begin  to  propagate,  quickly  reaching  a limiting  velocity. 
In  terms  of  the  Griffith  criterion,  the  crack  will  begin  to  grow  when 
the  decrease  in  stored  elastic  energy  resulting  from  an  Increase  In 
crack  length  becomes  equal  to  the  surface  energy,  l.e., 
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where , 


■ > - Stress 

t.  -•  Crack  I erujt.h 
E E Tensile  Modulus 
Y ri  Surface  Energy 
Kc  " Fracture  Toughness 


It  Is  generally  found  that  a crack  grows  slowly,  but  at  a progres- 
sively Increasing  rate,  until  a constant,  high  velocity  results 
(Reference  36).  However,  In  the  case  of  a cross-linked  rubber,  the  slow 
growth  phase  may  take  place  over  a relatively  long  period  of  time  and 
the  transition  to  high-speed  growth  which  precedes  rupture  occurs  very 
rapidly  (Reference  37).  The  fracture  surface  formed  during  slow  growth 
generally  develops  a fibrous  structure  near  the  crack  tip  (Reference  38) 
similar  to  what  was  observed  In  the  SEM  studies  discussed  l'h  a previous 
section. 


Tor  the  case  of  cross-linked  rubbers,  a semi -quantitative 
relationship  has  been  provided  by  the  Bueche-Halpln  theory  of  rupture 
(References  39,  4(5)  This  theory  assumes  that  the  crack  growth  rate 
during  the  slow  growth  phase  Is  controlled  by  the  viscoelastic  response 
of  the  material  in  the  region  of  the  crack  tip.  The  crack  In  a specimen 
under  a constant  load  (creep)  grows  at  some  constant  rate  until  a 
high-speed  growth  criterion  Is  satisfied.  The  dependency  of  the  rupture 
process  on  the  viscoelastic  properties  of  the  material  have  been 
Illustrated  as  follows. 


The  effect  of  temperature  on  the  rupture  stress  as  a function  of 
the  best  temperature  T minus  the  glass  transition  temperature  T has 
been  shown  to  produce  th<*  behavior  Illustrated  in  Figure  81  foi  several 
different  cross-linked  rubber  systems  (Reference  4(5).  This  type  of 
behavior  illustrates  that  changes  In  T will  produce  changes  In  the 
rupture  stress,  o^.  Specifically,  if  we  are  testing  the  material  above 
I and  the  T^  were  lowered  by  plasticization  the  result  should  be  a 
reduction  of  the  rupture  stress. 
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Time  effects  have  been  Illustrated  by  a series  of  tests  In  which  a 
specimen  Is  subjected  to  constant  load  (creep)  until  rupture  at  time 
tb  takes  place  (Reference  40).  Variations  In  load  or  test  temperature 
cause  variations  In  tb  as  shown  In  Figure  82(a).  Curves  for  various 
temperatures  exhibit  a natural  order,  the  higher  the  temperature  the 
lower  the  curve  (Figure  82(a)).  They  can  be  superposl tloned  as  previously 
described  for  relaxation  moduli  by  shifting  along  the  log  t axis  until 
all  polrts  fall  on  a single  continuous  master  curve  as  shown  In 
Figure  82(b).  The  shift  required  at  each  temperature  Is  given  by  She 
shift  facto1"  obj.  which  was  described  In  a previous  section.  Equivalence 
of  time  and  temperature  on  was  first  Introduced  by  Bueche  (Reference  41) 
and  Smith  (Reference  42)  and  now  Is  experimentally  accepted.  The  important 
observations  to  be  made  from  this  plot  are  that  the  lower  the  applied 
stress  the  longer  the  time- t.o- break  and  the  higher  the  temperature  the 
lower  the  stress  required  for  rupture.  If  the  shift  factor  is  applied  to 
the  master  curve  as  shown  in  Figure  83,  to  give  the  dotted  curve,  it 
can  be  seen  that  for  an  equivalent  stress  level  the  tlme-to-break  has 
been  reduced.  This  type  of  shift  is  what  would  be  observed  If  the  Tg 
were  lowered  by  plasticization  as  shown  In  Figure  52. 

This  type  uf  response  can  he  Incorporated  Into  the  Griffith 
theory  for  crack  growth,  where  the  stress  is  related  to  the  crack 
length  by 

It  B c Vc"  (27) 

c 

Typical  behavior  for  a material's  critical  stress  as  a function  of  crack 
length  is  shown  in  Figure  84.  As  the  crack  gets  larger,  the  stress 
required  for  spontmeous  growth  of  the  crack  gets  if wer . Combining  the 
Bueche-Halpln  theory  with  the  Griffith  crack  growth  theory  Involves 
consideration  of  the  material's  viscoelastic  response  In  the  vicinity  of 
the  crack  tip  In  relationship  to  Its  crack  growth  behavior.  Increasing 
the  test  temperature,  lowering  the  Tg  at  a fixed  test  temperature,  or 
Increasing  plasticizer  content  will  result  In  a shift  of  the  original  a 
vs  c curve  (solid  line)  to  a new  position  (dotted  line).  As  a result 
of  the  viscoelastic  behavior  of  the  material,  thj  altered  material  Is 
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unable  to  store  as  much  energy  and  therefore  the  critical  stress  for 
spontaneous  crack  growth  Is  reduced,  Equivalently,  the  crack  length 
necessary  for  an  applied  stress  to  Initiate  spontaneous  crack  growth 
Is  decreased, 

This  type  of  behavior  was  further  demonstrated  by  Braden  and  Gent 
(Reference  43)  In  a study  of  the  formation  and  propagation  of  cracks  on 
the  surface  of  stressed  rubber  specimens  exposed  to  ozone.  Cracks  did 
not  develop  In  unstressed  specimens  because  of  the  apparent  reaction  of 
ozone  with  rubber  to  form  a protective  surface  film.  However,  when 
applied  tensile  strains  exceeded  556,  cracks  formed  on  the  surface  and 
grew  perpendicular  to  the  direction  of  the  applied  stress.  Increased 
stress  or  strain  resulted  In  an  Increased  number  of  cracks.  This 
Implied  that  ozone  attack  and  subsequent  crack  formation  took  place  at 
sites  of  high  stress  concentration.  Braden  and  Gent  showed  that  for  a 
crack  to  propagate  In  the  presence  of  ozone,  a minimum  characteristic 
stress  must  be  exceeded.  Therefore,  at  a given  strain,  the  condition 
for  crack  growth  would  be  exceeded  only  for  a certain  fraction  of  flaw 
sites,  the  number  of  such  sites  Increasing  with  increased  strain.  This 
was  demonstrated  using  rubber  strips  coated  with  a protective  grease 
film  except  for  a given  amount  of  exposed  surface  area.  By  measuring 
the  tensile  stress  required  for  oppearance  of  cracks,  It  was  found 
that  the  critical  cracking  stress  Increased  as  the  size  of  the  exposed 
area  decreased.  These  results  Imply  that  a distribution  of  flaw  sizes 
must  exist  and  as  the  exposed  area  was  reduced,  the  probability  of 
exposing  critically  sized  flaws  for  a given  applied  stress  was 
correspondingly  reduced, 

The  critical  stress  required  for  cracks  to  form  in  surfaces  of 
different  smoothness  was  demonstrated  by  leaving  an  edge  of  a test 
specimen  exposed  and  measuring  the  critical  stress  required  for  crack 
formation.  Surfaces  of  different  smoothness  were  prepared  by  testing 
die-cut  specimens  having  variable  length  flaws  and  specimens  whose 
edges  contained  numerous  small  razor  cuts.  These  results  (Figure  85) 
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provide  evidence  for  the  view  that  all  real  materials  contain  hetero- 
geneities which  act  as  stress  concentrators,  thereby  reducing  the 
strength  of  a bulk  material. 

At  any  point  on  a curve  of  a vs.  c there  will  exist  at  least  one 
crack  having  a critical  crack  length  relative  to  the  applied  stress. 
Braden  and  Gent's  work  Implies  that  for  the  case  of  the  shifted  curve 
there  will  be  a greater  probability  of  the  existence  of  at  least  one 
crack  having  the  critical  length  for  growth  because  the  formation  and 
growth  of  cracks  has  been  facilitated  by  the  viscoelastic  response  of 
the  material.  Similarly,  the  critical  stress  for  crack  growth  to  occur 
has  been  reduced, 

In  relation  to  the  creep  test,  the  quantity  of  cracks  formed  should 
be  proportional  to  the  applied  stress  and,  In  turn,  the  greater  the 
crack  quantity  the  greater  the  probability  of  having  cracks  of  sufficient 
size  for  crack  growth  to  take  place,  thereby  resulting  In  decreased 
tlme-to-breok  or  lower  rupture  stresses,  Alterations  In  the  visco- 
elastic properties  of  the  oolymer  (e.g.,  plasticization  or  changes  In 
tost  temperature)  should  result  In  modifications  of  the  tlme-to-rupture 
and  cracljj  growth  process. 

In  summary,  the  creep  test  can  give  very  meaningful  Information 
as  to  the  mechanisms  of  property  losses.  When  the  tests  are  performed 
In  the  rubbery  region,  an  examination  of  further  extension  or  tlme- 
to-fallure  can  give  a good  Insight  Into  the  processes  taking  place. 

b.  Experimental 

The  creep  test  performed  In  this  study  consisted  of  optically 
measuring  the  elongation  as  a function  of  time  of  an  epoxy  test  specimen 
In  a given  environment  under  a constant  load.  Test  specimens  were 
"dog-boned",  film  samples,  approximately  6 mils  thick,  having  the  shape 
shown  In  figure  86.  This  shape  was  chosen  to  ensure  failures  In  the 
gage  section.  The  specimen  was  tabbed  with  10  mil  aluminum  foil  which 
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had  holes  punched  in  the  ends  for  mounting  and  weight  attachment..  An 
anaerobic  adhesive  was  used  to  bond  the  tabs  to  the  specimens.  Spring 

steel  clips  were  also  used  over  the  tabbing  area  to  prevent  specimen 
slippage.  A special  alignment  Jig  was  used  for  tabbing  the  specimens  to 
ensure  axial  alignment  of  the  holes  and  gage  section.  The  gage  length 
was  marked  with  fiducial  marks  consisting  of  horon  filament,  bonded  to  the 
specimen  with  the  anaerobic  adhesive. 

To  study  the  elevated  temperature  behavior  of  the  epoxy  as  a 
function  of  moisture  It  Is  necessary  to  choose  the  test  conditions  so 
that  the  cross-linked  epoxy  Is  In  Its  rubbery  statp  where  the  behavior 
of  wel 1 -characterized,  analogous  systems  such  as  the  cross-linked 
rubbers  can  be  used  for  reference  (the  fact  that  cross-linked  epoxies 
exhibit  mechanical  behavior  equivalent  to  cross-linked  rubbers  has 
been  well  documented  (Reference  44).  Another  requirement  is  that  the 
test  temperature  be  lower  than  the  cure  temperature  In  order  to  avoid 
the  complicating  factor  of  additional  euro.  Further,  It  would  be 
desirable  that  the  test  temperature  be  reasonably  close  to  the  use 
temperature  of  the  material.  All  of  these  requirements  are  satisfied  by 
the  chosen  test  temperature  of  300°F. 

In  the  presence  of  moisture  the  effective  T of  the  plasticized 
system  Is  below  300°F  (Figure  60)  which  satisfies  the  above  requirement. 
However,  since  the  boiling  point  of  water  Is  212°F,  It  Is  necessary  to 
perform  the  test  In  a bomb  (under  pressure).  Performing  the  test  In  a 
bomb  ensures  that  steady' state  conditions  are  present  so  that  the  results 
of  the  test  are  not  diffusion-controlled.  A bomb  was  designed  and  built, 
to  achieve  these  teat  conditions  (Figure  87).  It  consisted  of  a thick- 
wall  pyrrx  glass  tube  specimen  chamber  and  stainless-steel  end  caps 
having  0-rlng  seals.  Metal  tie-rods  were  used  to  prevent  the  steam 
pressure  from  forcing  off  the  end  caps.  One  end  cap  was  fitted  with 
pressure  fittings  for  evacuating  the  chamber  and  passing  through  Inert, 
cases.  ;he  use  of  the  glass  tubing  allowed  the  strain  measurements  to  be 
made  opt  1 rally. 
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The  whole  test  set-up  was  mounted  In  a furnace  for  testing  at 
300°F  (Figure  87).  After  adding  double  distilled  water,  the  chamber 
was  evacuated  and  purged  with  nitrogen  three  times.  The  test  was 
performed  at  300" !•  using  a cathetometer  to  monitor  movement  of  the 
boron  fiducial  marks  as  a function  of  time.  The  ultimate  stress,  ou, 
used  In  guldlnq  the  tests  (1400  pel)  was  taken  from  the  values  found  in 
the  constant  strain  rate  tensile  tests  performed  at  300°F  after 
equilibrium  exposure  at  160°F/100*  RH. 

Because  of  a slight  temperature  gradient  In  the  test  furnance,  the 
upper  part  of  the  test  chamber  was  at  a slightly  higher  temperature 
than  the  3Q0°F  temperature  maintained  just  below  the  surface  of  the 
water.  Therefore,  there  was  a lower  moisture  concentration  at  substantial 
distances  above  the  water's  surface  than  at  and  below  the  surface.  This 
experimental  condition  was  used  as  a means  for  testing  specimens  at  two 
different  moisture  absorption  contents.  As  previously  discussed,  the 
amount  of  moisture  absorbed  Is  directly  proportional  to  the  relative 
humidity  or  moisture  concentration,  therefore,  performing  the  creep  test 
underwater  and  substantially  above  the  water  would  correspond  to  testing 
specimens  of  two  different  moisture  contents.  The  underwater  test  was  a 
"worst"  condition  that  achieved  maximum  moisture  content  and  ,1s  defined 
herein  as  saturation.  The  above  water  test  achieved  a lower  moisture 
content,  defined  as  less  than  saturation. 

c.  Results  and  Discussion 

The  results  of  the  creep  tests  performed  underwater  at  300°F  are 
shown  In  Figure  88  where  percent  elongation  Is  plotted  vs.  log  time  for 
stresses  of  10,  20,  25,  30,  and  50X  of  ultimate.  With  Increasing  stress 
there  Is  a proportionate  Increase  In  elongation  and  decreased  tlme-to- 
break.  The  shapes  of  the  curves  are  quite  similar  to  the  cruep  curves 
and  relaxation  modulus  curves  previously  presented.  Within  about 
30  minutes  all  of  the  specimens  had  passed  through  the  transition  region 
and  had  reached  the  rubbery  plateau. 
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Figure  lift.  Elongation  v*.  Tim*  for  Bomb  Creep  Tost*  at,  300"F  end 
Underwater  (Saturation) 
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A plot  (Figure  89)  was  prepared  of  log  stress  and  log  elongation 
vs,  log  tlme-to-break  In  the  rubbery  region.  As  can  be  seen,  linear 
relationships  were  obtained  for  both  stress  and  strain,  This  agrees 

with  the  results  of  Bueche  (Reference  41)  and  Bartenev  (Reference  45). 
Polarlzed-llght  photomicrographs  (20x)  were  taken  after  each  creep  test 
and  these  are  shown  iri  Figures  90-92.  For  reference,  Figure  93  shows 
polarlzed-1 Ight  photomicrographs  of  an  as-fabricated  dry  control 
specimen  and  a dry  control  specimen  which  had  been  subjected  to  a creep 
test  In  a dry  nitrogen  environment  under  a 50%  of  ultimate  stress  for  one 
week.  Figure  94  shows  the  elongation  vs.  time  for  this  specimen. 

Several  Interesting  observations  can  be  made  from  the  photographs  of  the 
saturated,  underwater  exposed  specimens.  The  quantity  of  cracks  appears 
to  be  greater  for  the  higher  stress  level  specimens.  However,  the  most 
striking  observation  Is  that  the  crack  size  appears  to  Increase  with 
Increased  exposure  time  or  tlme-to-break.  The  cracks  grow  perpendicular 
to  the  direction  of  applied  stress.  The  photomicrographs  for  the  10% 
of  ultimate  specimen  shows  the  unusual  feature  of  microcracks  growing 
across  the  width  of  the  specimen  In  a manner  that  would  obviously  lead 
to  rupture. 

Another  series  of  300" F creep  tests  were  performed  In  the  bomb  at 
a height  of  eight  Inches  above  the  water  level.  This  was  done  to 
achieve  another  moisture  concentration  although  It  was  Impossible  to 
experimentally  measure  It.  The  effect  of  this  lower  moisture  concen- 
tration ('-saturation)  condition  can  be  seen  in  Figure  95  where  percent 
elongation  is  plotted  as  a function  of  log  time.  Compared  with  the 
underwater,  saturation  results,  the  lower  moisture  concentration 
(•■saturation)  exposure  yielded  lower  strains  and  Increased  exposure 
times  at  equivalent  stress  levels.  Based  on  the  results  of  the  diffusion 
and  Tg  studies  It  Is  to  be  expected  that  lower  moisture  contents  would 
result  In  less  plasticization  and,  in  turn,  a smaller  decrease  In  T . 
Figures  96  and  97  show  polarlzed-llght  photomicrographs  for  stress 
levels  of  10,  30,  and  50%  of  ultimate.  A gradual  Increase  In  crack 
density  with  Increasing  stress  Is  evident.  The  crack  size  appears 
to  be  larger  for  the  longer-term  exposures. 
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Figure  89.  Stress  and  Elongation  vs.  Time-To-Break  for  300°F/Underwater 
(Saturation)  Creep  Tests 
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Figure  90,  Polarlzed-Llght  Photomicrographs  (20X)  of  300°F/Underwater 
(Saturation)  Creep  Test  Specimens 
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Figure  91.  PolaMzed-Ught  Photomicrographs  (20X)  of  300UF/Underwater 
(Saturation)  Creep  Test  Specimens 
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Figure  93.  Polarlzed-Llght  Photomicrographs  (20X)  of  Dry,  Control 
Specimens 
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Figure  95.  Elongation  vs,  lime  for  Bomb  Creep  Tests  at  300'T  and 
Abov->  Water  (''Saturation) 
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Figure  97.  Polarlzed-llght  Photomicrographs  (20X)  of  300°F  Above 
Water  (<Saturat1on)  Creep  Test  Specimen 
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The  dramatic  effect  of  increased  moisture  concentration  exDOsures 
can  be  seen  by  comparin']  the  underwater  exposure  photomicrographs  with 
those  of  the  lower  moisture  concentration  exposure.  In  particular, 
comparison  of  the  different  moisture  levels  for  the  10%  of  ultimate 
stress  level  shows  the  striking  effect  of  moisture  concentration  on 
crack  density  and  size.  Both  of  these  tests  were  for  nearly  equivalent 
exposure  times  with  the  saturated,  underwater  specimens  (five-day 
exposure)  rupturing  and  the  above  water,  less  than  saturation  specimens 
(six-day  exposure)  being  removed  without  experiencing  failure. 

In  another  series  of  creep  tests,  specimens  were  tested  underwater 
at  200^.  The  elongation  as  a function  of  time  for  stresses  of  10  and 
30%  of  ultimate  are  shown  In  Figure  98.  Because  of  this  low  temperature, 
decreased  elongations  and  Increased  exposure  times  were  observed 
relative  to  the  300°F  test  for  equivalent  stress  levels.  In  this  case 
the  tests  were  terminated  after  five  days  exposure  with  no  failures. 

The  polarlzed-llght  photomicrographs  (Figure  99),  as  well  as  the 
equivalent  exposure  times,  show  that  there  Is  little  observable 
difference  at  various  stress  level*  at  these  test  conditions.  The 
dramatic  effect  of  temperature  can  be  seen  by  comparing  photomicrographs 
of  the  300"F  tests  with  these  of  the  200"F  tests. 

An  attempt  was  made  using  LSCA  (electron  spectroscopy  for  chemical 
analysis)  to  detect  any  localized  chemical  reactions  that  may  be  taking 
place  on  the  surface  of  the  specimens.  This  analysis  was  performed  on  an 
AEI  ES-100  X-ray  photoelectron  spectrometer;  a technique  which  Involves 
the  Interaction  of  Impinging  photons  with  the  bound  electrons  of  a 
sample.  Different  atoms  have  characteristic  electron  binding  energies 
which  will  vary  In  a distinctive  fashion  as  the  atom's  environment  varies. 

This  technique  was  applied  to  two  different  epoxy  samples  to 
determine  If  changes  of  chemistry  occurring  on  the  surface  could  be 
detected.  One  sample  was  a dry  control  while  the  other  had  been 
subjected  to  160'JF/100%  RH  plus  one  dally  thermal -spike  until  a weight- 
gain  of  7.5%  had  been  attained. 
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Figure  99.  Polar Ized-Light  Photomicrographs  (20X)  of  LWF/Ilnderwftter 
Creep  Test  Specimens 
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Table  5 summarizes  the  qualitative  and  quantitative  information 
extracted  from  the  "overall"  ESCA  spectrum  of  the  two  samples.  As 

would  be  expected,  the  major  elements  found  were  carbon,  oxygen, 
nitrogen,  and  sulfur.  The  concentrations  shown  are  based  on  carbon  as 
a reference.  The  most  notable  change  In  the  aged  vs.  control  was  an 
Increase  In  oxygen.  This  could  be  speculated  as  being  due  In  part  to 
the  absorbed  moisture, 

Table  6 summarizes  the  carbon,  sulfur,  nitrogen,  and  oxygen  spectra, 
In  examining  each  element,  different  peaks  were  obtained  as  a function 
of  the  different  oxidation  states  present.  The  quantitative  results 
presented  are  based  on  percent  of  main  element.  In  general,  as  an 
element  becomes  associated  with  more  electronegative  elements  (e.g., 
Increased  oxidation  of  carbon),  the  binding  energy  Increases 
(Reference  46).  The  most  striking  observation  Is  the  Increased  quantity 
of  "oxidized"  nitrogen  In  the  aged  specimen  vs.  the  control.  This  could 
conceivably  be  the  result  of  some  localized  chemical  reaction  such  as 
hydrolysis  which  could  lead  to  localized  chain  scission. 

Based  on  previous  work  with  the  analogous  polymer  systems  of 
cross-linked  rubbers,  the  mechanism  by  which  moisture  degrades  the 
elevated  temperature  properties  of  the  epoxy  resin  system  can  be 
postulated. 

Since  there  Is  no  further  elongation  once  the  rubbery  plateau  Is 
reached,  chemical  chain  scission  of  any  substantial  magnitude  can  be 
eliminated  (although  very  localized  chemical  chain  scission  In  such 
areas  a*  crack  tips  cannot  be  ruled  out).  Experimental  results  Indicate 
that  the  failure  processes  can  be  described  by  the  Bueche-Halpln  theory 
for  rupture  of  cross-linked  rubbers.  The  tlmes-to-rupture  are 
proportional  to  the  stress,  plasticizer  content,  and  test  temperature! 
the  quantity  of  cracks  are  time-temperature-stress  dependent;  and  the 
crack  growth  Is  time-temperature  dependent.  Thus,  the  rupture  process 
(fracture-times  and  crack  growth)  are  governed  by  the  viscoelastic 
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behavior  of  the  material.  This  Is  clearly  evident,  from  the  effect  of 
different  plasticizer  content  (i.e.,  different  7^'s)  and  temperature 
on  the  rupture  behavior  of  the  material. 

Hence,  as  determined  in  this  study  one  significant  mechanism  for 
the  loss  of  elevated  temperature  properties  in  a moisture  environment 
is  the  formation  and  growth  of  cracks  in  the  material.  This  process  is 
governed  by  the  combined  effect  of  stress,  temperature,  and  moisture. 
Moisture  changes  the  viscoelastic  properties  of  the  polymer  so  that 
stress-induced  formation  and  growth  of  microcracks  is  facilitated. 
Further,  11  could  be  speculated  that  the  crack  growth  process  is  aided 
by  localized  chemical  chain  scission  at  the  crack  tip. 
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SECTION  V 
CONCLUSIONS 

The  objective  of  this  research  program  was  to  determine  the 
mechanisms  Ly  which  epoxy  resins,  utilized  In  high  performance  composites 
and  adhesives,  exhibit  losses  of  their  elevated  temperature  properties  as 
a result  of  exposure  to  a humid  environment.  Studies  were  conducted 
relative  to  the  absorption  and  diffusion  processes  Evolved  and  these 
were  followed  by  Investigations  of  the  mechanical  behavior  oi  the  epoxy 
resin  as  a funrt'on  of  absorbed  moisture  for  various  environmental 
exposures.  A variety  of  experimental  techniques  were  utilized  - constant 
strain  rate  and  dynamic  tensile  measurements,  Infrared  spectroscopy,  heat 
distortion  tests,  bomb  creep  tests,  scanning  electron  microscopy, 
polarlzed-1 Ight  photomicroscopy,  and  ESCA. 

The  results  of  this  work  confirmed  for  this  specific  resin  system 

that: 

1.  Moisture  absorption  and  transmission  can  be  treated  according 
to  Flck's  Second  Law. 

2.  Thermal  spikes  (rapid  thermal  excursions  to  high  temperatures) 
accelerate  moisture  pick-up. 

3.  Moisture  plasticizes  the  epoxy  re',1n  causing  a lowering  uf  the 
Tg  which  In  turn  affects  mechanical  response  such  as  by  shifting  the 
relaxation  moduli  to  shorter  times. 

But  more  significantly,  this  work  os tab  1 1 she  ^ the  following  which 
heretofore  had  not  been  observed: 

1.  Moisture  concentration  gradients  will  Induce  significant  stress 
gradients  within  a polymer. 

2.  Thermal -spikes  contribute  to  mlcrocracHng  In  the  resin. 


152 


A 


AFML-TR-76-1 53 

3.  When  the  "wet1'  of  the  resin  drops  below  the  thermal -spike 
temperature,  there  is  a substantial  Increase  In  moisture  pick-up. 

4.  Weight-gains  greater  than  equilibrium  absorption  levels  are  due 
to  microcracking  In  the  resin  which  results  in  an  increase  in  moisture 
pick-up. 

5.  The  lowering  of  a resin's  Tg  as  a consequence  of  moisture 
plasticization  can  be  explained  in  terms  of  free  volume  theory  and  can 
be  quantified  In  terms  of  existing  free  volume  theory  relationships. 

6.  Near  Infrared  spectroscopy  can  be  used  to  determine  the  degree 
of  cross-linking  In  an  epoxy  resin  end  the  amount  of  moisture  it  has 
absorbed.  It  shows  that  the  epoxy  as-fabricated  is  not  completely 
cured  and  undergoes  further  cross-linking  in  the  swollen,  wet  state 

at  elevated  temperatures  - a process  which  can  lead  to  localized  regions 
of  high  stress  concentrations  which  In  turn  can  lead  to  microcracking. 

7.  Creep  studies  showed  that  one  mechanism  for  the  loss  of 
elevated  temperature  properties  Is  the  formation  and  growth  of  cracks. 
The  failure  process  can  be  described  by  the  fjueche-Halpin  theory  for 
rupture  of  cross-linked  rubbers.  The  process  Is  governed  by  the  related 
offsets  of  moisture,  temperature,  end  stress.  Moisture  changes  the 
viscoelastic  response  of  the  material  so  that  stress-induced  crack 
formation  and  growth  Is  facilitated. 

8.  It.  can  be  Inferred  from  the  creep  studies  that  no  significant 
chemically-induced  chain  scission  is  taking  place,  however,  this  does 
not  completely  rule  out  very  localized  chemical  scission  at  such  areas 
as  the  crack  tips. 

As  a result  f this  investigation  the  following  facts  have  been 
substantiated: 

1.  Epoxy-based  structures  will  absorb  moisture  from  high  humidity 
environments  and  this  absorption  process  (rates,  amounts,  times,  and 
distribution)  can  be  predicted  using  appropriate  solutions  to  Tick’s 
Law. 
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2.  The  use  temperatures  of  epoxy  composites  and  adhesives  will  be 
governed  by  the  "wet"  Tg  of  the  epoxy  matrix  material. 

3.  A minimum  Tg  can  be  defined  based  on  the  equilibrium  value  of 
moisture  absorption.  This  will  be  specific  to  a particular  epoxy 
resin  system.  This  observation  does  not  preclude  the  fact  that  the 
epoxy  sample  may  pick-up  moisture  beyond  the  equilibrium  amount. 

This  can  happen,  but  it  will  be  the  result  of  moisture  entrappment 
during  microcracking,  a phenomenon  that  would  have  less  effect  on  the 
so-called  static  properties  such  as  tensile  modulus,  but  would  signifi- 
cantly influence  dynamic  properties  such  as  fatigue  resistance.  This 
work  points  out  the  necessity  for  further  investigations  in  this  area. 
In  particular,  the  area  of  structure  "lift-cycle"  needs  to  be 
addressed. 

4.  Near  infrared  spectroscopy  would  serve  as  a highly  effective 
quality  assurance  tool,  capable  of  determining  the  degree  of  cure  or 
cross-linking  and  detecting  the  amount  of  water  in  precursor  materials. 

5.  Internal  stresses  can  exist  in  a polymer  structure  as  a result 
of  moisture  gradients. 

6.  The  heat-up  rates  and  temperature  extremes  of  any  thermal 
excursion  (thermal -spike)  should  be  taken  into  consideration  in  a 
structural  design  In  such  a manner  as  to  preclude  the  occurrence  of 
significant  microcracking  in  the  structure  . 

7.  Irreversible  chemically-induced  chain  scission  processes 
resulting  from  moisture/temperature  exposures  should  be  of  no  major 

' concern  with  epoxy-based  structures. 

8.  The  effect  of  absorbed  moisture  on  the  formation  and  growth 
of  microcracks  at  elevated  temperatures  should  be  investigated  for 
composites  and  adhesives.  Those  processes  most  sensitive  to  the 
presence  of  cracks,  such  as  fatigue,  must,  be  evaluated.  In  particular, 
the  structure's  fatigue  behavior  at  temperature  in  a "wet"  condition 
should  be  characterized.  These  results  should  relate  directly  to  the 
viscoelastic  properties  of  a reinforced  resin  matrix  material. 
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9.  Further  studies  in  this  area  must  be  undertaken  to  account,  tor 
the  effects  of  other  environmental  variables  such  as  oxidative 

atmospheres,  fluids,  and  lubricants. 

10.  Finally,  it  must  be  pointed  out  that  this  study  concerned  itself 
with  one  particular  resin  formulation  and  it  can  be  reasonably  antici- 
pated that  other  factors  such  as  changes  In  resin  chemistry  or 
modifications  of  viscoelastic  properties  will  influence  any  given 
resin's  response  to  humidity  and  temperature  exposures. 
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APPENDIX 
HOT  CURVES 
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